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ABSTRACT 
This project examined the effects of weathering processes on the minimal force 
required to fracture long bones exposed in a coastal microhabitat located in 
Southeastern Massachusetts, U.S.A.  The experimental remains consisted of isolated 
white-tailed deer (Odocoileus virginianus) long bones as a proxy for human and other 
large vertebrate remains.  The sample contained both raw (unprocessed) and boiled 
(processed) bones, to mimic forensic and archaeological settings, respectively.  
This study was conducted over a period of nine months, during which stages of 
weathering and breaking force of bone were recorded to establish if there is a correlation 
between weathering processes and the minimal force required to fracture bone.  The 
bones were removed from the microhabitat at monthly intervals and fractured using a 
bone-breaking apparatus that measures force.  It was hypothesized that the weathering 
processes in this microenvironment will weaken the bone and therefore have an impact 
on different fracture attributes.  Studying certain fracture attributes, such as force 
required to fracture and fracture morphology, will provide more information regarding 
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the impact of weathering upon bone biomechanics and subsequently may be of assistance 
in determining the postmortem interval.  Examining fracture characteristics of the 
exposed bones will offer a comparison between perimortem and postmortem breakage 
patterns in exposed bones.  Additionally, the weathering data collected were micro-
habitat specific.   
This study confirmed the hypothesis and concluded that the main effect of 
exposure time to weathering elements on the minimum force required to fracture long 
bones was significant and influenced several of the fracture characteristics defined by 
Wheatley (2008).  The length of exposure had an effect on texture of the fracture surface, 
the fracture angle produced, and the number of fragments produced.  Additionally, 
although the results were not statistically significant, analysis of the shape of broken ends 
and the presence of fracture lines displayed a trend relative to the length of exposure.  
The type of fractures produced did not show a statistically significant relationship to the 
length of exposure time.  Although a portion of the animal bone sample was processed 
and juvenile, neither processing nor age was found to significantly affect the force 
required to fracture bone nor did these factors impact the type of fracture characteristics 
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CHAPTER 1:  INTRODUCTION 
Taphonomic Processes 
While there is generalized research on the biomechanics of fractures on whole 
bones (Currey 2002; Galloway 1999), there is limited research on the environmental 
factors that impact these biomechanics (Johnson 1985; Villa and Mahieu 1991; Wheatley 
2008; Wieberg and Wescott 2008).  Taphonomy was first used by Efremov in 1940 and 
refers to “the study of burial of any biological organism or portion thereof” (Pokines 
2009).  Taphonomic processes affect organisms from the time of death to the time of 
recovery.  Therefore, taphonomy has become an important and vital component in the 
field of forensic anthropology.  A majority of taphonomic processes are caused by natural 
phenomena, which include environmental, faunal, and floral effects.  Taphonomic 
assessment of human remains must include human postmortem treatment of the deceased, 
such as embalming and cremation, in addition to natural phenomena (Buikstra and 
Swegle 1989; Pokines and Symes, in press; Ubelaker 1997).   
Many taphonomic processes are capable of altering the appearance of bone and 
related organic materials after death (Morlan 1984; Shipman 1981).  The properties of 
bones influence their reactions to these taphonomic processes (Marshall 1989).  In 
recently deceased remains, taphonomic interpretations, such as the entomological 
analysis of body colonizers (Goff 1991; Goff and Flynn 1991) and known decomposition 
periods in particular environments, can be useful for estimating the time since death, 
known as the postmortem interval (PMI).  The PMI is important information used by 
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forensic and criminal investigators to examine cases of suspicious death because it may 
provide information about the cause and manner of death.  The pattern of postmortem 
change varies among microenvironments within each region due to many factors 
including, but not limited to, condition of the remains (Love and Marks 2003), 
temperature (Mann et al. 1990; Micozzi 1986), depositional setting (Behrensmeyer 1978; 
Madgwick and Mulville 2011; Mann et al. 1990), insect activity (Goff and Flynn 1991; 
Haglund and Reay 1993), carnivore activity (Haglund et al. 1989; Mann et al. 1990), and 
animal scavenging (Haglund et al. 1988; Mann et al. 1990; Ubelaker 1989).  For 
example, Galloway et al. (1989) noted rapid bloating of cadavers followed by extensive 
mummification in the arid climate of southern Arizona, while Ubelaker (1989) 
documented skeletonization within two weeks in a tropical environment.  However, once 
the remains have reached advanced skeletonization, it becomes more difficult to 
determine certain information, such as the PMI and the perimortem or postmortem origin 
of trauma.  Other applications of taphonomic assessment for forensic anthropology 
include environmental reconstruction or the detection of unknown postmortem scenarios, 
reconstruction of postmortem events, and distinguishing evidence of perimortem trauma 
from alterations caused by other taphonomic factors (Ubelaker 1997).  Therefore, the 
field of forensic anthropology will profit from a stronger incorporation of taphonomic 
analysis in professional practice; thus, there is a need for combining crime scene and 





Weathering studies originated as a part of paleontological research 
(Behrensmeyer 1978; Fisher 1995; Madgwick and Mulville 2011; Ross and Cunningham 
2011; Tappen 1994).  Research has been conducted over the past few decades to study 
how weathering affects skeletalized remains in order to attain more contextual and PMI 
information about the remains.  Weathering is defined as the process where bone is 
damaged by natural, subaerial, weather-related processes, such as sunlight, temperature, 
humidity, and precipitation (Micozzi 1986).  Weathering is “progressively characterized 
by surface cracking, flaking, exfoliation, splitting and disintegration of the bone” (Fisher 
1995: 31).  The most well-known study of weathering on bone was conducted by 
Behrensmeyer (1978) that described six progressive stages of bone weathering that can 
assist in understanding and reconstructing the PMI for osseous remains left exposed.   
The bone weathering stages Behrensmeyer (1978) described represent different time 
intervals based on the calibration of known-age carcasses in a savanna environment in 
East Africa.  In forensic investigations, weathering patterns may be used in conjunction 
with other taphonomic evidence to help assess the PMI of the remains. 
It is important to study weathering by region since weathering rates differ with 
changes in climate (Andrews and Cook 1985; Behrensmeyer 1978; Cutler et al. 1999; 
Galloway et al. 1989; Madgwick and Mulville 2012; Tappen 1994).  Currently, there is a 
general lack of local data in regards to weathering and other taphonomic factors.  
Therefore, many forensic anthropologists have used “universal” taphonomic patterns to 
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estimate the PMI in various different regions.  Several forensic anthropologists have 
stressed the importance of conducting research as well as refining methods and guidelines 
for interpreting regional taphonomic patterns, especially decomposition patterns 
(Dirkmaat and Cabo 2013; Sorg et al. 2013a).  Regional and site-specific 
microenvironmental factors, particularly temperature, influence the timing of postmortem 
factors and the estimation of the PMI.  An important regional taphonomic factor for 
Northern New England includes a cold climate and seasonal temperature fluctuations 
which impact the rate and character of decomposition (Sorg et al. 2013b).  This study 
will provide data on weathering patterns exhibited on bone in the New England region of 
the United States. 
More specifically, the present study proposes to determine how processes of 
weathering impact the fracture patterns of bone, specifically the minimal force required 
to fracture bone and the fracture characteristics produced.  The remains were exposed in 
an open grassy area near the coast of Buzzard’s Bay in southeastern Massachusetts, 
U.S.A.  In the present study, it is hypothesized that the physical processes of weathering 
will have a weakening effect upon the structure of both unprocessed and processed bone, 
resulting in a decrease in force required to fracture that bone.  The goal of this project is 
to determine a series of data of weathering effects on the bone fracture force in the 
environment examined, which will provide more information on how certain weathering 
patterns effect bone structure.  This study will concentrate on the overall effect of 
weather observed in a single microhabitat on the strength of bone structure as well as the 
fracture patterns that occur.   
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Distinguishing Perimortem Trauma from Postmortem Damage 
Attempting to distinguish antemortem, perimortem, and postmortem injuries is an 
important part of an anthropological analysis of trauma in forensic cases.  Antemortem 
trauma is defined as injuries sustained before death and typically displays evidence of 
healing (Galloway 1999).  Perimortem trauma is defined as an injury occurring around 
the time of death (Byers 2006; Sorg 2005).  Galloway (1999) remarked that the 
perimortem interval in bone can be quite long and may include portions of the true 
antemortem and postmortem intervals.  The perimortem interval varies depending upon 
the conditions of injury as well as the environmental factors, such as weathering, that 
affect bone desiccation.  Postmortem damage refers to an injury that occurs after death.  
However, if a postmortem injury occurs soon after death, this damage often appears to 
look very similar to perimortem trauma, since the bone is still “fresh” (i.e., behaves much 
as living bone would when damaged; Byers 2006).  Fresh bone, also known as wet or 
green bone, describes bone associated with the perimortem period that has retained its 
moisture and flexible collagen matrix.  Dry bone refers to bone from the postmortem 
period that has decomposed collagen matrix, less moisture and altered fracture 
morphology (Wheatley 2008; Wieberg and Wescott 2008; Ubelaker and Adams 1995). 
Anthropologists have attempted to distinguish between perimortem trauma and 
postmortem damage by observing the characteristics produced by each type of trauma as 
well as the condition of the bone and its ability to respond to the trauma (Ubelaker and 
Adams 1995).  In the absence of soft tissue, estimating the timing of skeletal fractures 
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may determine the relation of the trauma to an individual’s death.  In the field of forensic 
anthropology, it is important to distinguish injuries related to the cause of death and/or 
manner of death from postmortem taphonomic alterations.  Although the PMI for human 
forensic cases is much shorter than in paleontological contexts, weathering changes can 
frequently be useful in ruling out perimortem trauma (Ubelaker 1997).  Differentiating 
between perimortem and postmortem fractures can be difficult, especially if the remains 
are disarticulated or fragmented.  In many cases, taphonomic alterations to fresh skeletal 
remains can be mistaken as human induced injuries.  Recent research (Wheatley 2008; 
Wieberg and Wescott 2008; Ubelaker and Adams 1995) has attempted to make a clear 
distinction between postmortem and perimortem trauma by examining the fracture 
patterns on fresh and dry bone. 
Currently, more research is being dedicated to the study of weathering on blunt 
force trauma on bone, yet the actual effect weathering has on the bone fracture force and 
fracture characteristics remains largely unexamined.  Blunt force trauma exhibits a wide 
range of fracture patterns, which are dependent upon the biomechanical properties of 
bone tissues and the nature of the applied loading forces (Galloway 1999).  When 
analyzing trauma and estimating the PMI in forensic cases, it is also important to 
consider if other aspects influence the fracture patterns of bone.  There is research on the 
effect of exposure time on weathering patterns such as cracking and fracturing, but there 
is very little research (Wheatley 2008; Wieberg and Wescott 2008) on the effect of 
exposure time on the minimal force needed to fracture bone. 
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The interpretation of bone fractures being perimortem or postmortem may be 
observer-dependent and therefore influenced by the knowledge and training of the 
observer (Amadasi et al. 2013).  A recent study indicated that observers were more 
accurate in classifying postmortem fractures than perimortem fractures (Amadasi et al. 
2013).  Overall, it appeared that scoring postmortem fractures was easier than perimortem 
fractures, yet several of perimortem and postmortem fractures were identified as 
indeterminate.  The correct identification of perimortem and postmortem trauma is 
essential to reconstructing the circumstances surrounding death, yet there undoubtedly 
are error rates associated with clarifying a fracture as perimortem or postmortem due to 
the lack of consistent standards for identifying such injuries.   
Morphological and macroscopic criteria for perimortem and postmortem fracture 
identifications are limited and occasionally ambiguous.  Many of the morphological 
characteristics associated with either perimortem trauma or postmortem damage are 
actually discussed in terms of occurring in fresh bone or dry bone.  Since bones can 
remain fresh well after death, this makes distinguishing between pathological events and 
early postmortem taphonomic events challenging (Sauer 1998).  It is unclear how long 
fresh fracture characteristics persist into the postmortem interval before exhibiting 
postmortem fracture characteristics associated with dry bone.  One of the main questions 
of trauma analysis in forensic anthropology is whether fresh bone and dry bone fracture 
characteristics can accurately distinguish perimortem trauma from postmortem damage.  
Clearly there is a need to further investigate and potentially define perimortem fracture 
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characteristics so that perimortem trauma can be more easily identified in medicolegal 
cases. 
This study tested and quantified some of the previously recognized features of 
fracture patterns used in the determination of perimortem trauma or postmortem damage 
in an attempt to clarify which characteristics, if any, were reliable at the statistical level 
as well as for forensic investigation.  This study examines if increased exposure time 
results in a distinction between perimortem and postmortem fracture patterns.  Fracture 
patterns from this study were analyzed and it was found that exposure time did influence 
the pattern of fracture characteristics.  The results from this present study concluded that 
there was a lack of fracture characteristics exclusive to perimortem trauma, although a 
several characteristics were limited to postmortem damage.  Overall, the results indicate 
that many of the fracture characteristics analyzed indicated a trend, but not all of the 
characteristics were statistically significant.  The results of this study were unable to 




CHAPTER 2:  PREVIOUS RESEARCH 
Basic Structure of Bone 
Human Bone Structure 
Long bones are characterized by their tubular shape with expanded ends.  The 
structure of a long bone is described according to the centers of ossification that emerge 
through the growth process.  The shaft of a long bone is the diaphysis, since it is a 
product of the primary ossification center of the bone.  Metaphyses refers to flared, 
expanded ends of the shaft.  The ends of a long bone are the epiphyses, because they 
develop from secondary ossification centers of the bone (White and Folkens 2005).  In 
life, the outer surface of bones is usually covered by an osteogenic tissue called 
periosteum, which is a tough, vascularized membrane that nourishes the bone.  In dry 
bones, however, periosteum is absent (White and Folkens 2005). 
The structural properties of bone are dependent on its composite structure of 
hydroxyapatite, collagen, small amounts of proteoglycans, noncollagenous proteins and 
water (Currey 2002; Galloway 1999; White and Folkens 2005).  There are two types of 
bone tissue structure, trabecular or cancellous/spongy bone and cortical or compact bone.  
Trabecular bone has 50-95% porosity and is typically found in flat bones, cuboidal bones, 
and at the ends of long bones.  Cortical bone has 5-10% porosity and is usually found in 
the shafts of long bones and surrounding trabecular bone (Doblaré et al.  2004).  Both 
trabecular and cortical bone are formed by two different tissues:  woven and lamellar 
bone.  Woven bone, also known as primary bone, is found primarily in the skeletal 
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embryo but also reappears during the healing process after a fracture.  Lamellar bone, 
also known as secondary bone, replaces woven bone during growth.  Woven bone is 
formed quickly but has poor organization with a random arrangement of collagen fibers 
and mineral crystals.  Lamellar bone is formed slowly with a highly organized structure 
of parallel layers of lamellae, making it stronger than woven bone (Doblaré et al. 2004).  
 
Mammalian Bone Structure 
In mammals, there are four main types of bone organization at the higher level of 
bone structure: lamellar, woven, fibrolamellar, and secondary osteons (also known as 
Haversian systems).  Fibrolamellar bone, also known as plexiform bone, is found in large 
mammals, whose bones have to grow in diameter in a short period of time (Currey 2002; 
Enlow 1963; Francillon-Vieillot et al. 1999; Hillier and Bell 2007).  Plexiform bone 
forms more quickly than woven or lamellar bone and is used to provide mechanical 
support for an extended period of time.  Lamellar bone is formed at a rate of less than 1 
 m a day, while woven bone is laid down at more than 4  m a day (Currey 2002).  Since 
the bones of these large mammals grow in diameter faster than lamellar bone can be laid 
down, woven bone must be laid down instead.  The problem is that woven bone 
possesses weak mechanical properties and therefore plexiform bone is laid down instead 
to stabilize the newly forming bone structure (Currey 2002).  Plexiform bone structure is 
similar to laminar bone, but contains a more dense system, or plexus, of vascularization.  
Fibrolamellar bone is laid down in alternating layers of parallel-fibered or woven bone 
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and lamellar bone tissue extending in the radial direction with two-dimensional nets of 
blood vessels (Currey 2002; Mulhern and Ubelaker 2012).  The bricklike structure 
typically categorized as plexiform bone occurs when the vascular plexus contained within 
lamellar bone is packed in by nonlamellar bone (Martin and Burr 1989).  Fibrolamellar 
bone is characterized by lamellae arranged in circumferential layers (de Riqlès 1975, as 
cited in Mulhern and Ubelaker 2012).  In human bone formation, primary fibrolamellar 
bone is formed initially, but then soon replaced by Haversian bone.  However, this is not 
the case in many other mammalian groups.  Increased age in nonhuman mammals results 
in the partial or complete replacement of plexiform bone with Haversian bone (Currey 
2002; Hillier and Bell 2007).  In most bovids and cervids, long bones retain their primary 
fibrolamellar structure throughout life (Currey 2002).   
 
Deer Bone Structure 
Fracture studies on nonhuman species have not reported major differences in the 
properties or responses of bone (Johnson 1985).  However, deer have both plexiform and 
Haversian bone tissue, whereas human bone structure does not usually contain plexiform 
bone tissue (Hillier and Bell 2007).  At different ages, deer long bone cortex contains 
different quantities of plexiform and Haversian bone tissue (Owsley et al. 1991).  In deer, 
the long bone cortex of skeletally mature individuals consists mainly of dense Haversian 
bone as it replaces the plexiform bone, which is seen earlier in the distal bones of the 
limbs and around the endosteal surface.  There are differences in modeling and 
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remodeling rates between different limb bones and limb bone regions of deer that result 
in distal bones of the deer forelimb maturing earlier than the proximal elements (Skedros 
et al. 2003).  In additional, a thin layer of periosteal circumferential lamella bone encases 
mature bone in all locations (Hillier and Bell 2007).  In comparison to humans, the 
Haversian canal diameter of deer is smaller, approximately 10 microns compared to 100 
microns (Hillier and Bell 2007).  Additionally, deer bone has a Haversian system density 
of approximately 5 Haversian systems per square millimeter while human bone has a 
density of approximately 22 Haversian systems per square millimeter
 
(Hillier and Bell 
2007).  Deer have smaller and fewer Haversian systems than humans due to the presence 
of plexiform bone (Hillier and Bell 2007).  In studying Rocky Mountain mule deer 
(Odocoileus hemionus hemionus), Skedros et al. (2003) reported a general proximal-to-
distal increase in the number of Haversian systems per square millimeter in the forelimb.  
The higher number of Haversian systems within the more distally located bones suggests 
that these bones experience a higher rate of remodeling as a result of an increase in 
loading and contact with the ground (Skedros et al 2003; Skedros et al. 2004).  
 
Mechanical Properties of Bone 
The mechanical properties of bone are the product of a concession between the 
need for a certain stiffness (to minimize strain and attain more efficient kinematics) and 
the necessity for enough ductility to absorb impacts in order to lessen the risk of fracture 
as well as minimize skeletal weight (Doblaré et al. 2004).  In general, Haversian systems 
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tend to decrease tensile strength and the modulus of elasticity in bone while the lamellae 
help increase the strength and stiffness of bone.  The amount of Haversian systems in a 
given area influences the mechanical properties.  A higher density of Haversian systems 
results in increased areas of weakness and lower tensile strength and modulus of 
elasticity (Johnson 1985).  Additionally, an increased number of longitudinally oriented 
collage fibers to the long axis of a bone provides greater resistance to failure in cortical 
bone.  Cortical bone is dense, solidly packed, and endures substantial compressive loads, 
while cancellous bone is compiled of thin, interconnected struts of bone that support 
other tissues.  Cortical bone is stiffer and stronger in its longitudinal axis than in the 
horizontal axis.  It is denser and less porous than trabecular bone due to a greater volume 
of mineralized tissue (Galloway 1999).  Collagen fibers add flexibility and a slight 
elasticity to the bone structure while hydroxyapatite gives the structure its hardness and 
rigidity.   
Beyond the level of collagen fibers and hydroxyapatite, bone microstructure can 
be classified as composite material consisting of five phases: crystalline mineral phase 
(hydroxyapatite), amorphous mineral phase, crystalline organic phase (collagen), 
amorphous organic phase (protein molecules in the forms of gels and solids), and liquids.  
The distribution and properties of these phases strongly influence the toughness of bone 
and its resistance to fracture.  This combination of materials allows bone to be responsive 
to stress while maintaining growth and making repairs within the body (Piekarski 1969).  
The amount of water present in bone structure is also an important influential factor of its 
mechanical behavior.  Dry bone is more brittle than fresh bone even if the ratio of 
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mineral to organic material remains the same (Sedlin and Hirsch 1966).  The water 
content in bone allows the collagen to deform more than it would if the bone was dry 
(Currey 2002).  
 Plexiform bone appears to be stronger than Haversian bone, particularly when 
loaded along the grain (Currey 1959; Heît et al. 1965).  However, plexiform bone is weak 
and very brittle when it is loaded across the grain (Reilly and Burstein 1975).  Secondary 
remodeling may take place in mammalian bone to alter the grain of the bone during 
growth (Currey 2003). 
 
Factors Influencing Bone Structure 
Bone structure can be affected by numerous antemortem and postmortem factors.  
One such postmortem factor is boiling, which has not been thoroughly examined since 
several studies have not perceived a significant difference between unboiled and boiled 
materials (Ríoz-Díaz et al. 2008; Malgosa et al. 2008; Outram 2001).  In the past, there 
has been a stronger focus on how natural processes may cause alterations in bone 
structure.  In their research on boiled bone, Trujillo et al. (2012) stated that only 
weathering is known to modify bone structure and morphology significantly (Malgosa et 
al. 2008; White and Hannus 1983).  However, studies have detected that boiling does 
impact the bone structure, especially the organic component (Bosch et al. 2011).  Roberts 
et al. (2002) found that protein is lost when a bone is boiled while the crystallinity and 
porosity increases.  Exposing bone to a prolonged boiling process produces results that 
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are similar to bone that have been chemically deproteinated (Collins et al. 2002; Roberts 
et al. 2002).  Boiling denatures collagen in bone, which would impair the microstructure 
and reduce strength and stiffness of the bone as well as its ability to withstand stress 
(Nicholson 1992).  Boiling has also been suggested to be analogous to bone diagenesis 
due to the similarity in changes in bone structure, particularly loss of collagen, increasing 
porosity and crystallinity (Hurlbut 2000; Roberts et al. 2002).  
 
Bone Trauma 
Biomechanics of Trauma 
There has been research conducted on the biomechanical characteristics of bone 
and their fracture morphology in a laboratory setting (Biddick and Tomenchuk 1975; 
Evans 1973; Galloway 1999; Villa and Mahieu 1991).  The most common type of injury 
that occurs in forensic cases is blunt force trauma, which includes lacerations, contusions, 
abrasions, and skeletal fractures (Di Maio and Di Maio 1993).  Blunt force trauma in long 
bones can be classified into a wide range of fracture patterns determined by extrinsic and 
intrinsic factors (Moraitis and Spiliopoulou 2006).  Extrinsic factors include the duration 
of the forces applied to bone as well as the rate of loading, magnitude, and direction of 
the forces (Berryman and Symes 1998; Smith et al. 2003).  Intrinsic factors consist of 
bone stiffness and density, stress risers, the material and shape of the bone structure, 
fatigue strength, and the capacity of bone to absorb and dissipate energy (Berryman and 
Symes 1998; Smith and Peters 1996). 
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It is important to understand the application of biomechanics to skeletal material 
when studying how bone reacts to forces and how fractures occur.  Biomechanics involve 
an understanding of the physical science of forces and energies to living tissue (Kroman 
2007).  Force is defined as any action or influence that alters the state of motion of an 
object (Low and Reed 1996; Turner and Burr 1993).  There are two kinds of forces that 
exist: direct and indirect (Cowin 1989).  Force (F) is proportional to the product of mass 
(m) and acceleration (a).  
F  ma 
Force is measured in newtons (N) or pounds force (lbf) and it distinguished by its 
direction, area of application, and magnitude (Kroman 2007).  The primary forces 
involved in fracture are (1) tension or stretching, (2) compression or compaction, (3) 
shearing or sliding, (4) rotation or twisting, and (5) angulation or bending.  When a 
bending force is applied, an area of tension is created in a long bone on the side opposite 
of impact (Kroman 2007). 
A load is a force or a combination of forces that an object sustains (Frost 1967; 
Low and Reed 1996).  Loading forces are applied to bone from a number of different 
sources, such as the everyday load of body weight (Galloway 1999).  The body bears 
loading forces when it strikes or it struck by an object or surface.  Since these forces are 
typically not associated with the normal weight-bearing of the body, the loads generate 
deformations in the body as the tissues absorb the energy transmitted (Galloway 1999).  
When studying load type, “stress” is a common term.  The dynamics of fracture 
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production are explained in terms of the stress resulting in the distortion of bone (Currey 
1984; Harkness et al. 1991; Keaveny and Hayes 1993; Rogers 1992).  Stress is defined as 
“force per unit area” (Turner and Burr 1993).  Stress is expressed in newtons per square 
meter or pascals.  Stress forces can be subdivided into three types:  tensile, compressive, 
and shear.  Tensile stress develops when a load stretches an object while compressive 
stress forms when a load works to make an object shorter.  Shear stress results when one 
area of an object slides into another area (Alms 1961; Nordin and Frankel 1980; Turner 
and Burr 1993).   
In contrast, strain (ε), is the actual deformation or change in the shape of the 
object experiencing stress.  Elastic deformation occurs when the bonds between the 
material atoms are strained but not broken or irreversibly deformed.  Plastic deformation 
is the point in the relationship between stress and strain when there is slippage between 
the layers of atoms and molecules, therefore the bone cannot fully recover once the stress 
is released (Galloway 1999).  The relationship between stress and strain changes as the 
stress increases.  Initially, elastic deformation permits the recovery of the original shape; 
as the yield point is passed by increasing stress, plastic deformation constitutes 
permanent change.  Ultimately, the bone will fail (Galloway 1999).  The failure point 
occurs when the stress becomes too great for the bone to accommodate, which results in 
fracturing of the bone (Harkness et al. 1999; Rogers 1992).  Fractures occur in response 
to forces that induce plastic deformation in the bone and may surpass the capability of the 
bone to endure the shape alteration (Galloway 1999).  A fracture occurs when there is a 
complete separation of molecules and loss of structure and function (Low and Reed 
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1996).  A complete fracture is any that “results in discontinuity between two or more 
fragments” (Galloway 1999,52). 
 
Fracture Morphology 
Bone trauma can be observed as a continuum (rather than discrete independent 
categories), with the variables of force, surface area of impacting interface, and 
acceleration/deceleration governing the manifestation of the resulting fractures (Kroman 
2007).  In bone trauma, fracture is the term used for failure of bone (Low and Reed 
1996).  A bone will fracture when it is unable to absorb all of the traumatic energy 
(Wheatley 2008).  Bone fractures are generated by an application of force to a bone, 
which fails secondarily to compression, tension, shear, rotation, angulation, or combined 
loading (Moriatis and Spiliopoulou 2006).  Bone is a viscoelastic material, therefore its 
deformation depends upon how fast the load is applied and for how long (Keaveny and 
Hayes 1993; Kroman 2007).  The viscoelastic properties of bone play a vital role in the 
interpretation of trauma (Kroman 2007).  Bone is initially capable of absorbing and 
rebounding from tensile or compressive forces (Galloway 1999).  Bone is strongest in 
compression and weakest in tension (Currey 2002; Galloway 1999; Wheatley 2008; 
Ubelaker and Adams 1995).  Brittle materials, such as bone material, are particularly 
resistant to compressive forces, while ductile organic ones are resistant to tensile forces 
(Galloway 1999).   
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There are numerous types of fractures that can occur in bones.  Fractures are 
typically classified by their morphology and location (Galloway 1997; Kroman 2007).  
Different types of complete are described below (Table 2.1). 
Table 2.1.  Classification of Complete Fractures (Galloway 1999,53).  
Type of Fracture Image Description 
TRANSVERSE 
 
Transverse fractures occur at approximately right 
angles to the long axis of the long bone (Rogers 
1992).  These fractures are typically caused by a 
bending load.  The bone undergoes extreme tension 
along the convex side while the concave side is 
under compression (Gonza 1982).  Since bone is 
more resistant to compression than tension, the 
convex side is the first to yield, resulting in failure 




Oblique fractures run diagonally across the 
diaphysis, typically at a 45 degree angle (Rogers 
1992).  They are usually caused by the combination 
of angulation and compressive forces of moderate 
strength.  The magnitude of the tension and 
compression determine the proportion of transverse 
to oblique components in the fracture.  When the 
compressive forces are larger than the bending 
forces, the bone fails in compression and produces a 
purely oblique fracture.  If the bending forces are 
larger than the compressive forces, the failure may 





Table 2.1.  Classification of Complete Fractures (Galloway 1999,53). 
Type of Fracture Image Description 
SPIRAL 
 
Spiral fractures can appear when a long bone is 
subjected to torsion (Currey 2002; Galloway 1999; 
Wheatley 2008).  Spiral fractures circle the shaft and 
include a vertical step.  These fractures are caused 
by rotational forces on the bone and tend to be the 
result of low-velocity forces (Gonza 1982). 
COMMINUTED 
 
A comminuted fracture has been classified by the 
presence of two fragments or more.  The degree of 
comminuted fractures can be further defined by the 
severity of the fragmentation, resulting in “slightly,” 
“moderately,” or “markedly” comminuted (Gonza 
1982).   
BUTTERFLY 
 
A common type of comminuted fracture observed is 
the “butterfly” fracture.  A butterfly fracture consists 
of two segments of bone and a small “butterfly 
fragment,” which is an elongated triangular fragment 
produced on the concave side of an angulation 
fracture (Gonza 1982; Rogers 1992).  “Butterfly” 
fractures result from external force causing 
angulation fractures in the presence of compression 
(Galloway 1999).  In these cases, this external force 
produces bending in the bone, constructing a 
concave surface at the impact site with a convex 
surface on the opposite side.  The tension stresses on 
the convex surface produce a linear fracture, while 
the compression stresses on the concave surface 
result in either splintering or multiple fractures in the 






Table 2.1.  Classification of Complete Fractures (Galloway 1999,53). 
Type of Fracture Image Description 
SEGMENTAL 
 
A segmental fracture occurs when multiple fractures 
leave diaphyseal portions separated from the 
proximal or the distal ends.  Galloway (1999) notes 
that there are several types of segmental fracture 
classifications: 3-part segmental, 4-part segmental, 
and segmental with longitudinal fracture. 
 
Fracture patterns depend upon the biomechanical properties of bone tissue and the 
nature of the applied forces.  The structural integrity, morphology, density, and 
mineralization of the skeletal elements determine the fracture pathways.  Larger bones 
are more resilient to fracture merely because they can allocate internal forces over a 
larger volume of material (Carter 1985).  In long bones, an increase in diameter will 
amplify bone strength even if the cross-sectional area is constant.  The mass, shape, and 
velocity of the instrument through which forces are applied also influence the fracturing 
patterns (Galloway 1999).   
Fracture morphology can provide information regarding whether the injury 
occurred to fresh or dry bone based on their different characteristics.  Fresh bone is bone 
that has retained its moisture content and flexible collagen matrix (Johnson 1985; 
Wheatley 2008).  The flexible collagen highly flexible allows fresh bone to retain 
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substantial tensile strength, which increases the ability to absorb stress.  Fresh bone 
possesses high plasticity and elasticity and therefore can withstand immense sum of 
tension and deformation before failure.  The fresh bone retains high levels of fibrous 
structures and fats which allows for a greater resistance to impact (Johnson 1985).  The 
relatively high moisture content of fresh bone permits deformation of bone to occur with 
greater resistance to failure (Lyman 1994).  Bone often retains its moisture content and 
flexible collagen matrix after death, which increases the interval during which skeletal 
fractures still retains fresh bone or perimortem fracture characteristics (Galloway et al. 
1999).   
Dry bone is bone that has decreased moisture content and flexible collagen matrix 
due to degradation in the postmortem interval (Johnson 1985; Wheatley 2008).  Dry bone 
is more stiff and brittle, therefore requiring much less energy to fracture (Evans 1957; 
Johnson 1985).  Bone loses moisture as the collagen matrix decomposes, which causes 
the fracture morphology of the bone to change (Galloway 1999).  The rate at which bone 
loses its moisture and fibrous content, therefore becoming dry, depends on the 
microenvironment (Sauer 1998; Sorg and Haglund 2002; White 2000).  Bones that have 
lost some organic content lose some resistance, increasing the probability that they will 
become fractured, fragmented, and eventually destroyed (Galloway 1999; Johnson 1985).  
Scanning electron microscope images and trace evidence analysis indicate that dry 
mineralized bone tissue experiences structural alterations that cause dry bone to fracture 
differently than fresh bone (Bonnichsen 1979; Johnston 1985).   
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In a taphonomic setting, the soil environment has been found to have an effect on 
bone mass and moisture content, which would indirectly have an impact on the 
biomechanics of bone (Jaggers and Rogers 2009).  The pH and moisture level of soil 
environments affect the rate of decomposition and degree of bone erosion.  The moisture 
in the soil can induce leaching of minerals from the bone and result in loss of bone 
material (Hedges 2002; Shinomiya et al. 1998).  A high-moisture soil environment may 
result in a greater loss of bone mass due to the loss of bone material as well as chemical 
leaching from bone and the exchange of ions between bone and soil (Hedges 2002; 
Jaggers and Rogers 2009; Shinomiya et al. 1998). 
Beyond moisture, there are numerous other variables than impact fractures on 
bone.  These variables include bone mass and bone architecture, which consists of factors 
such as the percentage of compact and spongy bone, age and epiphyseal fusion, porosity, 
cortical bone thickness and diaphyseal diameter, and presence of non-osseous tissues 
(Byers 2008; Evans 1957; Turner 2006).   
 
Weathering 
One of the first significant studies of weathering impact on bone was published by 
Behrensmeyer (1978), who defined six stages of bone weathering in a subaerial and 
surface context in southern Kenya.  Behrensmeyer was among the first researchers to 
suggest that bone weathering features may provide specific information about surface 
exposure and the time period in which the bone was exposed.  Prior to Behrensmeyer, 
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Miller (1975) conducted a similar study in a southern California desert and described six 
bone weathering stages analogous to those of Behrensmeyer (1978).  Miller defined 
weathering as a reference to the consequences of desiccation, saturation and temperature 
changes on bone.  With this new research, anthropologists Lyman and Fox (1997) 
reviewed the studies on bone weathering and concluded that bone weathering data 
provided important taphonomic information but did not necessarily accurately indicate 
the duration over which bones accumulated.  Their critique is that there are numerous 
taphonomic factors involved in the formation of a weathered bone assemblage, but many 
of these factors are difficult to control within an analytical study of weathered bone 
(Lyman and Fox 1997).   
The structural properties of the various classes of skeletal material have a 
considerable effect on the occurrence and severity of weathering.  Density is a significant 
factor, since less dense bone is more porous and therefore more susceptible to moisture 
intake (Hedges and Millard 1995; Murphy et al. 1981; Smith et al. 2008; Trueman et al. 
2004).  Pore structure is an important factor in determining the rate of mineral dissolution 
or recrystallization, which consequently determines bone survival (Hedges and Millard 
1995; Pike et al. 2001).  Diagenetic alteration disrupts the protein-mineral association of 
the bone, which causes collagen loss and increases bone porosity (Nielsen-Marsh and 
Hedges 2000, Smith et al. 2002).  The broken down mineral-protein interactions leave 
bone more exposed to diagenetic agents, such as soil water, which increase porosity.  
Increased porosity allows greater volumes of water to enter the bone structure (Collins et 
al. 2002; Nielsen-March et al. 2000; Pike et al. 2001).  The intake of water is important 
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when studying taphonomic changes because moisture content affects the durability of 
bone.  For example, fracturing responses of bone vary depending on whether the bone 
retained its internal water and lipids or has dried out (Reilly and Burstein 1974).   
The severity of the weathering pattern depends on regional environmental 
conditions such as temperature or moisture fluctuations, freeze-thaw cycles, ultraviolet 
light, vegetation and microbial activity (Beary 2006; Behrensmeyer 1978; Conard et al. 
2008; Fernández-Jalvo and Marin Monfort 2008; Marshall 1989; Millard and Hedges 
1995; Riclefs 1973).  Bone degrades more quickly in open habitats, which have a wider 
variation in moisture and temperature (Riclefs 1973; Ross and Cunningham 2011), 
whereas stable environments slow down the process (Behrensmeyer 1978; Hedges 2002).  
Behrensmeyer (1978) emphasized that microenvironmental conditions are more 
influential on the weathering rate than the overall character of a habitat.  Ross and 
Cunningham (2011) compared environments from various weathering studies to further 
understand the differences in weathering rates and concluded that weathering patterns can 
be extremely location specific but decomposition stages may still be utilized in a more 
general perspective as long as the microenvironments are analogous.  The three 
environments were a tropical climate zone (Behrensmeyer 1978), a warm temperate 
climate zone (Andrews and Cook 1985), and a desert (Andrews and Whybrow 2005). 
Additionally, a study conducted on human material taken from terrestrial, intertidal, and 
lacustrine contexts demonstrated that the duration of three months was the earliest known 
onset for postmortem alteration for several morphological types of microstructural 
change in skeletal material (Bell et al. 1996). 
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Bones from different taxa may weather at different rates due to morphology and 
size.  More robust equid bones weathered at a somewhat slower rate than homologous 
bovid bones Gifford 1981).  Element morphology also dictates decay rates (Henderson 
1987).  Tubular elements, such as long bones are more vulnerable to weathering while 
compact elements, such as carpals, are less affected (Behrensmeyer 1978; Conard et al. 
2008; Gifford-Gonzales 1989; Nicholson 1996).  Long bones, such as femora, are 
stronger and more resistant to physical damage than smaller bones (Janjua and Rogers 
2008).  Small, compact bones, such as podials and phalanges, do not exhibit all the 
diagnostic characteristics of the weathering stages (Behrensmeyer 1978).  This indicates 
that structural features of the bones themselves appear to have a major effect in the 
weathering characteristics despite the external conditions (Behrensmeyer 1978).   
 
Impact of Weathering on Bone Trauma 
There have been only a few studies investigating the impact weathering and other 
taphonomic factors on bone trauma.  Ubelaker (1997) reported that weathering cracks 
may look like fractures produced by blunt force trauma.  The cracking of long bones due 
to weathering follows the orientation of Haversian systems and collagen fibers of the 
bone structure (Merbs 1989; Tappen 1969; Tappen 1994; Ubelaker 1997).  The 
weathering cracks on bone are oriented in the same direction as those produced by split-
line patterns made after decalcification in bone (Tappen 1969; Tappen 1976; Tappen and 
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Peske 1970).  Sun exposure may whiten the bones and alter the initial coloration of 
fractured edges on bones (Tappen 1994; Ubelaker 1997).   
 
Wieberg and Wescott (2008) 
Wieberg and Wescott (2008) conducted a study to determine if the blunt force 
trauma characteristics varied over time when exposed to natural taphonomic variables as 
well as whether these trauma characteristics could be correlated with bone moisture 
content.  The focus of their study was to examine the correlation between the PMI, bone 
moisture content, and several characteristics of blunt force trauma.  In their study, 60 pig 
bones were exposed to an open environment in Missouri and fractured every 28 days 
throughout a 141-day period.  The bones were fractured using a custom drop impact bone 
breaking apparatus, which consisted of a steel strike bar and a steel base.  The strike bar 
was dropped from a height of 0.48 m and produced a sudden dynamic force of 
approximately 106 kg/cm
2
.  The fracture characteristics examined in this study were the 
fracture outline, the surface morphology, and the fracture angle.  The fracture outline 
described the shape of the broken ends and was recorded as either transverse, curved, or 
intermediate.  The fracture morphology was described as smooth, jagged, or intermediate.  
The fracture angle was scored by examining the angle between the fracture surface and 
the cortical bone.  The fracture angle was recorded as either (1) acute, (2) obtuse, (3) 




In Wieberg and Wescott’s (2008) study, it was concluded that bone moisture 
content upon fracturing correlated considerably with fracture morphology and other blunt 
force trauma characteristics.  Through the five month period of the study, the fracture 
appearance changed from fractures with predominantly smooth surfaces, obtuse or acute 
angles, and curved outlines to fractures exhibiting jagged surface morphology, more right 
angles, and fewer curved outlines.  The fracture surface morphology and the fracture 
angle showed a significant positive correlation with the PMI (Wieberg and Wescott 
2008).  It was observed that bones fractured around the time of death (PMI 0 days) 
appeared to be detectable as perimortem, while bones fractured 5 months postmortem 
(PMI 141 days) distinctly displayed dry bone characteristics.  However, the overall 
results of this study indicated that bone retained fresh fracture properties long after death 
and that bone does not consistently manifest so-called “postmortem” characteristics until 
141 days postmortem.  There was not a single morphological characteristic of a skeletal 
fracture that was capable of providing an accurate injury determination.  Therefore, 
Wieberg and Wescott (2008) strongly suggested that multiple characteristics be utilized 
by forensic anthropologists for trauma analysis. 
 
Wheatley (2008) 
A second study focusing on bone trauma was conducted to examine perimortem 
and postmortem fracture patterns (Wheatley 2008).  Wheatley (2008) conducted a study 
to determine if certain fracture characteristics can determine the difference between 
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perimortem trauma and postmortem damage.  The fracture characteristics utilized in this 
study included: 
 Presence of fracture lines:  The presence of fracture lines was scored as 
being present or absent.  These fracture lines tend to radiate out from the 
point of impact. 
 Fracture angle:  The angle formed by the fracture surface and the bone 
cortical surface was recorded.  The three types of angles were sharp 
(obtuse or acute) angles, right-angled, and mixed.  Mixed angles are 
defined as those with both sharp-angled and right-angled edges. 
 Fracture surface morphology:  The texture/morphology of the fracture 
surface was recorded as either smooth or rough.  A smooth fracture 
surface has an even and fine texture while a rough fracture surface has an 
uneven or “bumpy” texture.  
 Shape of broken ends:  The shape of the broken ends was recorded as 
jagged, curved, intermediate, or transverse.  These definitions, except for 
jagged, follow Villa and Mahieu (1991).  Jagged end shapes refer to the 
irregular shape of the broken ends.  Curved fracture end shapes are spiral 
combined with V-shaped or pointed fractures.  An intermediate end shape 
includes fractures that have a straight morphology but are diagonal and 
fracture ends with a stepped morphology.  Transverse end shapes are 
fractures that are straight and transverse to the long axis.  
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 Butterfly fractures:  The presence or absence of a butterfly fracture was 
scored. 
 Fracture angle on the Z-axis:  The two recorded states of this angle are 
parallel and diagonal.  Parallel is defined as the fracture surface occurring 
at a right angle to the surface of a graph paper while diagonal is defined as 
the fracture surface occurring at a diagonal to the surface of the graph 
paper (Bonnichsen 1979; Wheatley 2008). 
 Number of fragments:  The number of fragments produced from the 
impact was recorded.  A fragment was arbitrarily defined as greater than 
10mm. 
Wheatley’s (2008) sample consisted of 76 deer (Odocoileus virginianus) femora, 
of which 42 were labeled as the fresh bone group and exposed for less than four days 
since death.  The remaining 34 bones were labeled as the dry bone group and consisted of 
14 bones that were exposed for 14 days and 20 bones that were exposed for one year.   Of 
the whole sample, 46 femora were completely fused whereas 30 femora were not 
completely fused.  Wheatley fractured the bones in the sample after they had been 
exposed for the set interval, which was either 2 days, 4 days, 44 days, or 1 year.  To 
fracture the bone, a Dynatup 8250 Drop Weight Impact Test Machine applied 13.63 kg of 
concentrated and sudden compressive force to the anterior surface of the midshaft of each 
bone.  Wheatley (2008) recorded the energy to failure, the impact energy, and the impact 
velocity as the three impact variables for this study.  After fracturing, the bones were 
examined for the fracture characteristics described above. 
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In his study, Wheatley (2008) found that fresh bone required significantly more 
velocity to break and absorbed significantly more energy than dry bone.  It was 
concluded that fresh bones had more smooth surfaces, more fracture lines, and more 
fragments than dry bones.  Fresh bones also had more sharp edges, curved broken end 
shapes, and diagonal angles on the Z-axis than dry bones.  Dry bones were found to have 
more rough surfaces and fewer fracture lines than fresh bones.   
The impact variables, level of epiphyseal fusion, and velocity were tested to 
observe if they affected the fracture characteristics in this study.  The lack of complete 
fusion influenced the significant surface morphology between the fresh and dry bones.  
The number of pieces of bone at impact was significantly correlated with the impact 
velocity.  Impact velocity did not significantly affect the presence of fracture lines 
(Wheatley 2008). 
Although the attributes of the fracture patterns used in this study were found to be 
reliable at the statistical level, these results were determined to be inapplicable in a 
forensic investigation (Wheatley 2008).  This conclusion was reached due to the 
occurrence of all seven of the fracture characteristics of so-called fresh bone fractures on 
year old bones.  Due to the lack of distinctly perimortem/fresh bone characteristics, 
Wheatley advised that a perimortem fracture determination should be made with caution 
and should include other important features such as differential staining or color 
difference between the fracture surface and the outer cortical surface. 
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It is evident that more research needs to be conducted investigating the effect 
exposure on fracture patterns of bone.   Furthermore, there is a need for additional 
information on how weathering effects bone structure and its properties, which may 
influence the perimortem and postmortem fracture characteristics.  Therefore, the purpose 
of the present study is to investigate the effect of weathering on bone in the New England 
area and specifically examine the influence weathering has on bone fracture 





CHAPTER 3:  METHODS 
Process of Exposure 
Definitions 
 Fresh bone:  Also known as wet or green bone, fresh bone has retained its high 
moisture and flexible collagen matrix. 
 Dry bone:  Bone that has decreased moisture content and collagen matrix due to 
degradation. 
 Processed bone:  Bone that was subjected to cooking.  This bone was simmered 
in a cooking pot for several hours to aid in removal of soft tissue. 
 Unprocessed bone:  Raw bone that was not subjected to any type of processing. 
 
Study Sample 
The remains subjected to exposure consisted of commercially available femora, 
tibia, and humeri of white-tailed deer (Odocoileus virginianus) that were previously 
defleshed.  The deer bones were obtained during hunting season from several meat 
processing businesses in Massachusetts, New Jersey, and Utah.  The age and sex of the 
deer were unknown.  Since 60 of the bones collected were boiled to remove flesh, these 
bones were designated to be the processed bone sample.  These bones had been boiled 
following the process described by Fenton et al. (2003).  The processed bone sample 
contained 39 adult bones, i.e., completely fused, whereas 21 of the processed bones were 
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not completely fused.  The unprocessed bone sample consisted of 38 bones, all of which 
were completely fused.  Where possible, the small amount of soft tissue remaining on the 
unprocessed bones was carefully removed with a scalpel and small scissors.  The 
completely fused deer femora, tibiae, and humeri are comparable to adult human long 
bones, although the tibia is closest in size to tibia of a human.  In total, 98 deer long 
bones were collected for this project (Table 3.1).  A description and photographs of the 
bone were taken prior to the study in order to distinguish any previously existing 
markings or damage from those received during exposure.  Measurements for the bones 
were taken following the standards for measuring animal bones of von den Driesch 
(1976; Table 3.1).  Three measurements of the humerus, five measurements of the femur, 
and four measurements of the tibia were taken following von den Driesch (1976).  The 
mass of the bone prior to exposure also was recorded as a proxy for density, to 
demonstrate the approximate size of each bone in this study.  The measurements and 
mass for the study sample are presented in Table 3.2. 
35 
 






Table 3.2.  Initial Bone Measurements Prior to Exposure (Following von den 
Driesch 1976). 
# Bone Mass (g) GL (cm) Bp (cm) CD (cm) Bd (cm) DC (cm) 
1 femur 130.0 21.6 5.5 5.7 5.3 2.6 
2 femur 233.8 26.3 6.5 6.9 5.6 2.7 
3 tibia 144.0 26.0 5.0 5.8 3.3  
4 tibia 106.1 23.2 4.7 5.5 3.1  
5 tibia 210.6 28.6 5.3 6.4 3.4  
6 femur 132.0 21.5 5.5 5.8 5.0 2.6 
7 femur 162.0 23.4 5.6 6.5 5.4 2.7 
8 tibia 317.0 31.8 6.1 7.5 4.2  
9 tibia 177.1 27.5 5.6 6.2 4.0  
10 tibia 177.0 27.4 5.3 6.3 4.0  
11 femur 185.7 23.9 5.6 6.7 5.0 2.6 
12 femur 157.2 23.0 5.6 6.2 5.3 2.7 
13 tibia 306.7 31.6 6.1 7.3 4.0  
14 tibia 173.6 26.7 5.3 6.1 3.4  
15 tibia 187.0 28.0 5.6 6.2 3.8  
16 femur 236.9 28.1 6.1 6.6 5.9 2.8 
17 femur 178.7 24.1 5.5 6.0 5.2 2.4 
18 femur 240.5 26.3 6.0 7.0 5.6 2.7 
19 tibia 259.6 32.6 5.8 6.9 4.0  
20 tibia 115.7 24.3 5.2 5.4 3.3  
21 tibia 146.0 26.2 5.0 5.8 3.3  
22 femur 306.1 27.4 6.4 7.4 6.0 2.8 
23 femur 218.7 26.0 6.0 7.0 5.6 2.5 
24 femur 135.9 21.0 5.1 5.1 5.0 2.4 
25 femur 209.9 24.9 5.7 6.8 5.3 2.5 
26 femur 148.2 22.7 5.2 6.0 4.6 2.4 
27 femur 112.4 19.6 4.6 5.0 4.4 2.2 
28 tibia 218.9 29.1 5.7 6.5 4.0  
29 tibia 201.1 28.8 5.7 6.6 3.7  
30 tibia 100.8 23.5 4.8 5.0 3.3  
31 femur 128.0 20.6 5.0 5.4 4.8 2.3 
32 tibia 118.7 24.1 4.8 5.4 3.3  
33 tibia 183.7 27.9 5.5 6.2 3.4  
34 tibia 184.4 27.8 5.4 6.0 3.4  
35 femur 189.5 24.6 5.5 6.0 5.1 2.5 
36 femur 113.2 20.0 5.0 4.9 4.6 2.2 
37 tibia 102.6 23.4 5.0 5.7 3.3  
38 tibia 102.3 23.2 4.7 5.4 3.2  
39 tibia 116.5 24.1 5.1 5.7 3.2  
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Table 3.2.  Initial Bone Measurements Prior to Exposure (Following von den 
Driesch 1976). 
# Bone Mass (g) GL (cm) Bp (cm) CD (cm) Bd (cm) DC (cm) 
40 femur 130.4 20.7 5.0 5.7 5.0 2.3 
41 femur 113.2 19.7 4.6 5.7 4.5 2.2 
42 femur 193.9 24.0 5.6 7.0 5.1 2.6 
43 femur 189.5 24.7 5.5 6.3 5.3 2.5 
44 femur 146.0 22.7 5.3 5.8 4.8 2.5 
45 femur 206.9 24.6 5.5 6.7 5.3 2.6 
46 tibia 227.1 30.6 5.7 6.9 4.0  
47 tibia 131.6 19.9 5.4 6.4 3.6  
48 tibia 233.9 20.4 5.7 7.0 4.1  
49 femur 127.5 27.2 4.9 5.1 4.7 2.2 
50 femur 139.0 30.2 5.0 5.7 4.7 2.3 
51 femur 310.3 29.1 6.3 7.6 5.8 2.8 
52 tibia 221.9 24.0 5.7 5.4 3.9  
53 tibia 215.3 24.7 5.8 7.0 3.5  
54 tibia 108.5 24.0 4.8 5.7 3.3  
55 femur 194.9 24.7 5.8 7.0 5.4 2.6 
56 femur 193.9 24.0 5.8 6.7 5.3 2.6 
57 femur 231.6 26.2 6.4 6.9 5.6 2.7 
58 tibia 207.4 28.4 5.5 6.9 3.7  
59 tibia 124.2 25.2 5.5 5.7 3.6  
60 femur 224.3 26.0 5.8 7.3 5.7 2.5 
61 femur 269.2 26.4 6.0 6.5 5.4 2.6 
62 tibia 253.7 30.6 5.7 6.8 4.0  
63 tibia 255.5 31.0 5.8 6.5 3.8  
64 tibia 223.6 29.6 5.7 6.8 3.8  
65 femur 247.7 25.3 5.7 6.6 5.3 2.7 
66 femur 267.4 26.6 6.0 6.3 5.4 2.6 
67 femur 243.0 26.0 5.8 6.4 5.2 2.5 
68 tibia 218.4 28.1 5.6 6.5 3.8  
69 femur 250.0 24.8 5.8 6.8 5.2 2.6 
70 tibia 224.0 30.0 5.6 6.1 3.5  
71 tibia 217.5 28.1 5.5 6.2 3.7  
72 femur 245.9 24.9 6.0 6.9 5.3 2.6 
73 tibia 278.2 29.8 5.9 7.0 4.0  
74 femur 210.2 23.7 5.4 7.1 5.0 2.5 
75 femur 243.3 25.9 6.0 6.7 5.4 2.8 
76 tibia 244.4 28.6 5.8 7.0 3.9  
77 tibia 221.5 30.0 5.8 6.3 3.7  
78 femur 246.0 26.0 5.8 6.4 5.1 2.6 
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Table 3.2.  Initial Bone Measurements Prior to Exposure (Following von den 
Driesch 1976). 
# Bone Mass (g) GL (cm) Bp (cm) CD (cm) Bd (cm) DC (cm) 
79 tibia 257.0 30.7 5.6 7.0 4.1  
80 tibia 218.6 29.4 5.6 7.4 3.8  
81 humerus 174.8 21.1 5.4 6.6 4.0 3.6 
82 humerus 206.6 21.0 6.0 6.9 4.5 3.7 
83 humerus 208.7 22.6 5.8 7.0 4.0 3.7 
84 humerus 164.5 20.2 5.1 6.3 3.9 3.3 
85 humerus 185.7 20.9 6.4 6.7 4.2 3.5 
86 tibia 215.7 28.2 5.8 6.4 3.7  
87 humerus 163.9 20.3 5.2 6.5 4.1 3.5 
88 humerus 160.7 20.2 5.4 6.0 4.1 3.6 
89 femur 245.0 25.5 5.6 6.5 5.5 2.5 
90 humerus 180.5 21.0 6.0 5.9 3.8 3.8 
91 humerus 205.5 21.0 5.6 7.4 4.1 4.1 
92 humerus 304.3 23.8 6.4 8.0 4.6 4.3 
93 humerus 191.1 20.7 5.5 6.6 4.2 3.6 
94 humerus 211.2 22.1 5.7 6.9 4.0 3.4 
95 humerus 193.4 20.5 5.9 6.4 4.2 3.8 
96 humerus 197.8 20.7 5.5 6.4 4.1 3.6 
97 humerus 230.3 20.8 5.8 6.3 4.3 3.6 
98 humerus 206.5 20.4 5.9 6.2 4.4 3.7 
 
Microhabitat 
 The skeletal elements were placed on a fenced-in grassy area located at 35 
Harvard Street in the township of Fairhaven in Bristol County, Massachusetts, U.S.A.  
This property offers a secure area of a temperate coastal microhabitat that is accessible 
for observation twenty-four hours a day.  The microhabitat is located less than a 
kilometer from an inlet in Buzzards Bay along the coast of southeastern Massachusetts.  
The area received full sun for most of the day, with occasional shade provided by a single 
tree by one site and a small structure by another site.  Massachusetts has a humid 
continental long summer climate, with hot summers and cold winters.  The average 
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rainfall generally ranges from 1,000 to 1,500 mm annually, which is fairly evenly 
distributed through the year (NOAA 2012).  The coastal areas of Massachusetts, such as 
Cape Cod, experience cooler temperatures in the summertime than the inland areas.  The 
warmest month of the year is July, with an average high of 25°C and an average low 
temperature of 17°C.  Winters are cold, but generally less extreme on the coast, where 
winter high temperatures average about freezing in January despite the inland 
temperatures being much colder.  January is the coldest month of the year, with an 
average high temperature of 2°C and an average low temperature of -6°C in the Cape 
Cod Region.  Snowfall can exceed 2,500mm annually (NOAA 2012).  The microhabitat 
consists of an open grassy lawn bordered by a few shrubs and trees all located within the 
fenced-in property.  The area’s permeable soils are infiltrated by seawater from the 
Atlantic Ocean (National Park Service 2012). 
Figure 3.1.  Location 1 and 2 of Microhabitat Located at 35 Harvard Street, 




Figure 3.2.  Location 3 of Microhabitat Located at 35 Harvard Street, Fairhaven, 
MA, USA. 
 
In this environment, 98 bones were set out for exposure in three separate locations 
on the property.  To minimize interference by scavengers and other intrusions, all osseous 
elements were surrounded by poultry netting and wired in place to natural or artificial 
features (fencing, tree roots, etc.).  The poultry netting prevented scavenging from 
occurring while still allowing the elements to be exposed to weather conditions.  The 
wiring held the bones in a fixed location to prevent scavenger movement of bone as well 
as unexpected movement by weather processes (wind, rain, etc.).  Each individual long 
bone was marked directly on its proximal and distal end with permanent marker.  The 
wires were marked with laminated, waterproof paper tags.   
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Exposure to Weathering 
 The six-part rating system developed by Behrensmeyer (1978) was utilized to 
describe and categorize all of the osseous weathering states (Table 3.3).  The system 
begins with Stage 0 (fresh, unweathered bone) and concludes with Stage 5 (disintegrating 
bone).  The bones were not disturbed from their locations during the study until they were 
removed for analysis.  All observances and descriptions were completed at each bone 
location in order to minimize disturbance.  Buikstra and Ubelaker’s (1994) published 
reproductions of the original published images of Behrensmeyer (1978) were used as a 
photographic comparison tool when photographing and describing the remains.  The 
initial placement of 60 processed deer bones occurred on 1 February 2012, with re-
examination and data recording proceeding exactly every month for the following nine 
months.  A control group consisted of six processed bones that were not exposed to the 
environment.  The initial placement of 35 unprocessed deer bones occurred on 15 April 
2012, with an initial control group set of unprocessed bones fractured immediately to 
serve as the control.  The discrepancy in time for the placement of the processed sample 
and unprocessed sample was a result of the delay in the availability of the unprocessed 
sample.  To account for this discrepancy, the factor of time was measured as two month 
intervals for the purposes of comparison in the statistical analysis.  Therefore, each two 




Table 3.3.  Osseous Weathering Categories (Behrensmeyer 1978). 
Stage Description 
0 
Bone surface shows no sign of cracking or flaking due to weathering.  
Usually bone is still greasy, marrow cavities contain tissue, skin and 
muscle/ligament may cover part or all of the bone surface. 
1 
Bone shows cracking, normally parallel to the fiber structure (e.g., 
longitudinal in long bones).  Articular surfaces may show mosaic cracking of 
covering tissue as well as in the bone itself.  Fat, skin and other tissue may or 
may not be present. 
2 
Outermost concentric thin layers of bone show flaking, usually associated 
with cracks, in that the bone edges along the cracks tend to separate and flake 
first.  Long thin flakes, with one or more sides still attached to the bone, are 
common in the initial part of Stage 2.  Deeper and more extensive flaking 
follows, until most of the outermost bone is gone.  Crack edges are usually 
angular in cross-section.  Remnants of ligaments, cartilage, and skin may be 
present. 
3 
Bone surface is characterized by patches of rough, homogeneously 
weathered compact bone, resulting in a fibrous texture. In these patches, all 
the external, concentrically layered bone has been removed.  Gradually the 
patches extend to cover the entire bone surface.  Weathering does not 
penetrate deeper than 1.0-1.5 mm at this stage, and bone fibers are still firmly 
attached to each other.  Crack edges usually are rounded in cross-section.  
Tissue rarely present at this stage. 
4 
The bone surface is coarsely fibrous and rough in texture; large and small 
splinters occur and may be loose enough to fall away from the bone when it 
is moved.  Weathering penetrates into inner cavities.  Cracks are open and 
have splintered or rounded edges. 
5 
Bone is falling apart in situ, with large splinters lying around what remains of 
the whole, which is fragile and easily broken by moving.  Original bone 
shape may be difficult to determine.  Cancellous bone usually exposed, when 




Hourly weather observations were used from the nearest National Oceanic and 
Atmospheric Administration (NOAA) site located at New Bedford Regional Airport, 
approximately 13 kilometers away from the project site.  The NOAA weather reports 
were supplemented with personal observations of weather conditions when possible.  The 
variables recorded were temperature highs and lows, precipitation, wind speed and 
direction, and humidity.  Weekly weather data can be viewed in Appendix A. 
During the study, six processed bones, two from each area of the site, and four to 
six unprocessed bones, at least one from each site, were removed from the environment at 
monthly intervals and systematically fractured, until the study was completed at the end 
of October 2012.  The duration of weathering is recorded in weeks and the hourly 
weather reports were converted into weekly averages and totals for analysis and 
reference.  
 
Fracturing Process of Bone 
The fracturing of bones was conducted at the Boston University Forensic 
Anthropology Laboratory.  The fracturing of bones occurred in sets of approximately ten 
to twelve bones (four to six unprocessed and six processed bones) so that multiple tests 
could be conducted to account for variability within individual bones.  To create a control 
group, six processed bones and three unprocessed bones were not exposed to the 
environment and fractured immediately using a custom-made mechanical fracturing 
apparatus to determine the initial force required to fracture fresh, unweathered bones.  A 
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special custom-made fracturing apparatus was used to determine the minimal amount of 
force needed to break the bone by applying a transverse load until bone breakage 
occurred.  This custom fracturing apparatus consisted of a one ton arbor press with a load 
cell attached to the base (Figure 3.3a).  The load cell was connected to a Mark-10 Series 
4 Digital Force Gauge, which recorded the peak compression force needed to break the 
bone (Figure 3.3b).  During use, the fracture apparatus was placed within a cardboard box 
in order to contain any fragments that scattered during the fracturing process.  Through 
manual application, this mechanical apparatus slowly applied a concentrated bending 
force to the anterior surface of the midshaft of each bone.  The amount of force increased 
until the bone failed into a complete fracture.  A complete fracture is defined as any 
fracture that resulted in discontinuity between two or more pieces (Galloway 1999).  
Once the bone fractured, the load cell registered the maximum force applied in pounds 
force (lbf)  and these data were recorded in the force gauge. After each bone was 
fractured, all visible fragments were recovered for analysis.  
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Figure 3.3 (a) Custom-Made Fracture Apparatus with One Ton Arbor Press.  




Both the proximal and distal ends of each fractured bone were visually examined 
according to various features used for measurement in Wheatley’s study (2008) on 
perimortem and postmortem bone fractures in deer femora.  Five fracture features were 
scored: 
1. The first scored feature was the presence or absence of fracture lines, 
which tend to radiate out from the point of impact.   
2. The second scored feature was the texture/surface morphology of the 
fracture surface or edge.  A fracture surface with an even and fine texture 
is noted as smooth while an uneven or “bumpy” texture is noted as rough 
(Bonnichsen 1979; Johnson 1985).   
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3. The third scored attribute was the angle formed by the fracture surface and 
bone cortical surface.  There were three states of the fracture edge: sharp 
(obtuse or acute) angles, right-angled, and mixed.  Mixed edges were 
defined as those with both sharp and right-angled edges (Wheatley 2008).   
4. The fourth scored attribute was the shape of the broken ends.  The shape 
definitions, except for jagged, follow those described by Villa and Mahieu 
(1991).  Curved referred to spiral broken ends or portions of spiral broken 
ends combined with V-shaped or pointed fracture;  intermediate described 
fractured ends that have a straight morphology but are diagonal or fracture 
ends with a stepped morphology;  transverse included broken ends that are 
straight and transverse to the long axis;  and jagged referred to broken 
ends with irregular shape.   
5. The last recorded attribute was the number of fragments produced from 
the impact.  A fragment is arbitrarily defined as greater than 10 mm in any 
one dimension (following the methods of Wheatley 2008).  Although all 
visible fragments were collected, only fragments measuring 10 mm in any 
one dimension were counted for analysis. 
The type of long bone fracture was classified using the descriptions of Galloway 
(1999; see Table 2.1).  These shaft fractures are classified by the nature of the fracture 
line, the severity of the damage, and the number of major parts resulting from the injury.  
The fracture classifications used in this study were oblique, transverse, spiral, butterfly, 
segmental, and comminuted.  In addition to an examination of the fractures, the mass of 
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the bone before weathering exposure and after exposure was compared to evaluate if a 
change occurred in bone density. 
At the conclusion of the study on 31 October 2012, a total of 54 processed bones 
and 31 unprocessed bones had been fractured.  The remaining 6 processed bones and 7 
unprocessed bones were left in the microhabitats so that further research could be 
performed at a later time.  The longest length of exposure was 39 weeks for processed 
bone and 28 weeks for unprocessed bone.  
 
Statistical Testing   
All measurements and pertinent observations for each sample were entered into a 
spreadsheet.  All statistical testing was performed using the data spreadsheets in 
conjunction with SPSS Version 20.0.  In order to analyze the data in SPSS, several 
adjustments were made.  First, if the skeletal element required over 2000 lbf to fracture 
completely, these points were excluded from the data set because the exact force required 
is unknown.  Secondly, two-month intervals were created to accommodate the weeks 
exposed for both processed and unprocessed bones.  Interval 1 represented bones exposed 
from 0 to 8 weeks; Interval 2 represented bones exposed between 9 to 16 weeks; Interval 
3 represented bones exposed from 17 to 24 weeks; Interval 4 represented bones exposed 
between 25 to 32 weeks; and Interval 5 represented bones exposed from 33 to 40 weeks.   
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Once the data were restructured, several statistical tests were conducted.  The first 
test was a univariate regression analysis to determine the significance of processing on 
forced required to fracture bone.  A second univariate regression analysis was then 
performed to determine the effect of age on the force required to fracture bone.  A third 
univariate regression analysis was then performed to determine the effect of time on the 
force required to fracture bone.  The principle aim of analysis is to determine a 
correlation between the time exposed to weather conditions and the force required to 
fracture bone in unprocessed and boiled bones, with the mass after exposure as individual 
covariate.  Binary and multinomial logistic regression analyses were performed to assess 
the effect of time on the individual fracture characteristics. 
The weather data recorded were average ambient temperature, total amount of 
precipitation, average relative humidity, and number of days below zero degrees Celsius.  
The weather data were not specifically included in a statistical analysis due to the 
overwhelming amount of variables already present in this study.  Therefore, the weather 
data collected serves as a reference table to demonstrate the climate of New England over 




CHAPTER 4:  RESULTS 
 The main goals of this project were to determine if weathering exposure affected 
the force required to fracture bone.  Additionally, this project aimed to determine if 
postmortem fracture patterns could be established by studying the different characteristics 
that resulted from the fracture.  Due to the varied nature of the bone sample, this project 
also compared the effect of processed bone to unprocessed bone during the postmortem 
interval in an exposed environment.   
 
Initial Observations of Exposure Effects 
Over the course of nine months, the natural vegetation grew over the three sites, 
limiting the sunlight exposure and trapping the moisture on the ground.  The first signs of 
bone modification due to weathering were observed on unprocessed bone around 24 
weeks (6 months).  Weathering modification was first observed on the processed bone at 
25 weeks (6 months).  Evidence of weathering was primarily desiccation cracks that 
appeared along the length of the diaphyses.  The latest weathering stage that was 
observed was Stage 1.   
 
Separation of Epiphyses 
 Within the first four months, the epiphyses separated from the diaphyses on 
numerous bones from all three sites.  This issue was associated with using an animal 
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sample with unknown age, which contained both adult and juvenile bone.  The level of 
fusion in these bones was noted and considered as a factor in statistical analysis.  None of 
the unprocessed skeletal elements were unfused and therefore did not display a separation 
of one or both epiphyses from the diaphysis. 
 
Insect Activity 
After fracturing the bones, several of the skeletal elements exhibited insect 
activity in the form of maggots (family Calliphoridae) and ants (family Formicidae).  The 
insect activity was first observed at 6 weeks and persisted until the study concluded at 39 
weeks.  A more detailed insect analysis was not conducted since their presence affected 
the soft tissue, not the bone itself. 
 
Discoloration from Exposure 
Unprocessed Bone 
After 6 weeks, five of the six collected unprocessed skeletal elements (femur #61, 
tibia #62, femur #65, femur  #67, and tibia #68) contained what appeared to be mold on 
the surface (Figure 4.1).  After 20 weeks, one unprocessed skeletal element (tibia #80) 
displayed what appeared to be adipocere on its proximal epiphysis (Figure 4.2).  At 24 
weeks, one unprocessed bone (humerus #84) exhibited green algae staining as well as an 




Figure 4.1.  Femur #69 Displaying Mold After 6 Weeks of Exposure. 
 
 









Color change and staining were observed on the processed skeletal elements after 
some time of exposure.  The first signs of color change on the skeletal element surfaces 
were observed after 31 weeks of exposure.  Green algae staining was first observed on 
two processed skeletal elements, tibia #39 and femur #40, after 31 weeks (7 months) of 
exposure (Figure 4.4).  Black discoloration was also observed on three of the processed 
bones (tibia #37, tibia #38, and tibia #39) after 31 weeks (Figure 4.5).  At 35 weeks, four 
of the six collected processed elements (femur #45, tibia #46, tibia #47, and tibia #48) 
displayed green algae staining (Figure 4.6).  At 39 weeks, three of the six collected 
processed bones (femur #49, femur #50, and femur #51) exhibited algae staining.  While 
femur #49 and femur #50 had the typical green staining, the staining on femur #51 had a 
slight blue tinge, which was different than the other algal staining that was previously 
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observed (Figure 4.7).  Additionally, the other three of six collected processed bones 
displayed discoloration, with patches of dark and light brown colors. 
Figure 4.4.  Femur #40 Exhibiting Green Algae Staining After 31 Weeks of 
Exposure. 
 





Figure 4.6.  Tibia #47 with Green Algae Staining After 35 Weeks of Exposure. 
 




 Varied levels of bleaching were observed among several skeletal elements during 
the earlier months, between 8 and 21 weeks.  By 21 weeks, the bleaching process was 
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halted by vegetation growth, which covered most of the bone surfaces.  Bleaching was 
observed in both processed and unprocessed skeletal elements.  The most prominent 
bleaching occurred on three processed bones (tibia #10, femur #11, and femur #12) 
collected after 8 weeks (Figure 4.8a).  Slight bleaching was observed on two processed 
bones collected (femur #16 and femur #17) after 12 weeks (Figure 4.8b).  At 17 weeks, 
one processed bone (femur #22) displayed bleaching (Figure 4.8c).  At 21 weeks, one 
processed bone (femur #25) displayed slight bleaching (Figure 4.8d).  As for the 
unprocessed bones, the first sign of bleaching was observed on one bone (femur #75) 
after 15 weeks (Figure 4.9a).  Bleaching was also observed after 20 weeks on another 
unprocessed bone, humerus #82 (Figure 4.9b).  
In the unprocessed bone sample, bleaching was observed between 15 and 20 
weeks of exposure.  The level of bleaching was more significant on the processed bones, 
in which approximately 75% of the bone was bleached.  In comparison, the unprocessed 
bones displayed small isolated patches of bleaching, probably due to the limited amount 
of soft tissue that could not be removed from the bones.   
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Figure 4.8.  Top: (a) Bleaching on Femur #11 After 8 Weeks of Exposure.  Bottom: 
(b) Bleaching on Femur #16 After 12 Weeks of Exposure.  
 
Figure 4.8.  Top: (c) Bleaching on Femur #22 After 17 Weeks of Exposure.  Bottom: 




Figure 4.9.  Top: (a) Bleaching on Humerus #75 After 15 Weeks of Exposure. 





 It was important to note the size and location of cracking before fracturing to 
prevent the misidentification of fracture line presence during the analysis of the fracture 
characteristics.  Cracking was first observed in an unprocessed bone (humerus #87) 
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exposed for 24 weeks.  The cracking on this bone was minor and difficult to detect.  At 
28 weeks, an unprocessed bone (humerus #92) displayed prominent cracking along its 
shaft (Figure 4.10).  The length of the crack was 9 cm.  




 Cracking was first observed on one of the six collected processed bones (femur 
#35) after 25 weeks (Figure 4.11).  The length of the longest crack was recorded for each 
bone.  The length of the crack in femur #35 was 12 cm.  At 35 weeks, four of the six 
collected processed bones (femur #43, femur #44, and femur #45) displayed cracking 
(Figure 4.12a, Figure 4.12b, and Figure 4.12c).  The length of the crack was 13.5 cm on 
femur #43, 7 cm on femur #44, and 14 cm on femur #45.  Additionally, tibia #46 
displayed the most drastic cracking of the entire sample, with a Y-shaped crack along its 
shaft (Figure 4.13).  The longest crack was 15 cm in tibia #46.  This cracking pattern is 
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unusual and appears to indicate a recent fracture in the bone before it was recovered from 
the microhabitat.  The cause of this unusual cracking was unknown.  At 39 weeks, three 
of the six collected processed bones (femur #49, femur #50, and femur #51) displayed 
cracking (Figure 4.14a, Figure 4.14b, and Figure 4.14c).  The length of the crack was    
10 cm on femur #49, 9 cm on femur #50, and 12 cm on femur #51.  With the exception of 
tibia #46, the cracking presented itself as one long crack along the shaft.  




Figure 4.12.  Top (a) Crack on Femur #43 After 35 Weeks of Exposure. Middle (b) 
Crack on Femur #44 After 35 Weeks of Exposure. Bottom (c) Crack on Femur #45 








Figure 4.14:  Top (a) Cracking On Femur #49 After 39 Weeks of Exposure. Middle 
(b) Cracking On Femur #50 After 39 Weeks of Exposure. Bottom (c) Cracking On 




Fracture Results  
Five different types of fractures were displayed: oblique, transverse, butterfly, 
segmental, and comminuted.  Table 4.1 displays the fracture characteristics displayed 
with each skeletal element as well as the weeks exposed, mass after exposure, and force 
required to fracture.  In the bones that exhibited previous cracking from weathering, the 
fracture radiated from around the weathering crack in each case. 



























































































































1 adult 0 103.7 721 OBLIQUE 4 2 present sharp jagged smooth 0 
2 adult 0 221.1 1258 COMMINUTED 12 10 present sharp curved smooth 0 
3 adult 0 140.0 1326 COMMINUTED 20 18 absent sharp curved smooth 0 
4 adult 0 85.0 492 BUTTERFLY 3 1 present sharp jagged smooth 0 
5 adult 0 202.3 1466 COMMINUTED 19 17 present sharp jagged smooth 0 
6 adult 0 103.5 1080 SEGMENTAL 4 2 present sharp jagged smooth 0 
7 adult 8 140.0 560 COMMINUTED 12 10 present sharp jagged smooth 0 
8 adult 8 320.0 674 BUTTERFLY 3 1 absent sharp curved smooth 0 
9 adult 8 166.2 502 COMMINUTED 22 20 present mixed curved smooth 0 
10 adult 8 167.0 726 SEGMENTAL 7 5 present mixed curved smooth 0 
11 adult 8 172.4 1346 COMMINUTED 16 4 present sharp jagged smooth 0 
12 adult 8 138.6 834 SEGMENTAL 11 9 present sharp smooth smooth 0 
13 adult 12 297.9 514 SEGMENTAL 10 8 present sharp jagged smooth 0 
14 adult 12 167.9 1016 SEGMENTAL 7 5 present sharp curved smooth 0 
15 adult 12 180.2 714 BUTTERFLY 5 3 present sharp curved smooth 0 
16 adult 12 218.5 976 COMMINUTED 15 13 absent sharp jagged smooth 0 
17 adult 12 166.5 680 SEGMENTAL 5 3 present mixed transverse smooth 0 
18 adult 12 217.8 808 BUTTERFLY 6 4 present sharp curved smooth 0 
19 adult 17 246.0 1378 BUTTERFLY 4 2 present sharp curved smooth 0 
20 juvenile 17 90.7 704 BUTTERFLY 5 3 present sharp jagged rough 0 
21 adult 17 140.8 940 COMMINUTED 5 3 absent sharp jagged smooth 0 
22 adult 17 298.7 1226 BUTTERFLY 13 11 present sharp jagged smooth 0 
23 juvenile 17 204.3 1086 COMMINUTED 16 14 present sharp jagged smooth 0 
24 juvenile 17 78.2 668 COMMINUTED 14 12 absent sharp jagged smooth 0 
25 juvenile 21 165.2 1184 COMMINUTED 13 11 present mixed curved rough 0 
26 juvenile 21 75.4 618 BUTTERFLY 3 1 absent mixed curved rough 0 
27 juvenile 21 45.0 330 OBLIQUE 2 0 absent mixed curved smooth 0 
28 adult 21 204.7 988 OBLIQUE 2 0 absent sharp curved smooth 0 
29 adult 21 166.3 2000+ SEGMENTAL 10 8 present sharp curved smooth 0 
30 juvenile 21 72.6 365 OBLIQUE 2 0 absent sharp curved smooth 0 
































































































































32 adult 25 78.0 449 BUTTERFLY 10 8 present sharp jagged rough 0 
33 adult 25 172.7 1157 BUTTERFLY 6 4 absent sharp jagged smooth 0 
34 adult 25 174.9 2000+ COMMINUTED 12 10 absent sharp jagged smooth 0 
35 juvenile 25 110.5 985 SEGMENTAL 4 2 present right intermediate rough 1 
36 juvenile 25 54.3 437 BUTTERFLY 3 1 absent right transverse rough 1 
37 juvenile 31 66.9 622 OBLIQUE 2 0 absent sharp curved smooth 0 
38 juvenile 31 61.4 420 SEGMENTAL 5 3 present mixed jagged rough 1 
39 juvenile 31 81.0 712 BUTTERFLY 4 2 present mixed jagged rough 1 
40 juvenile 31 61.2 670 BUTTERFLY 5 3 present mixed curved rough 1 
41 juvenile 31 45.3 660 SEGMENTAL 6 4 present right transverse rough 1 
42 adult 31 170.1 1046 SEGMENTAL 8 6 present mixed jagged rough 1 
43 juvenile 35 107.6 2000+ COMMINUTED 13 11 absent mixed jagged rough 1 
44 juvenile 35 77.3 540 TRANSVERSE 3 1 absent right transverse rough 1 
45 adult 39 97.9 759 OBLIQUE 11 9 present right curved rough 1 
46 adult 35 208.0 2000+ COMMINUTED 14 12 absent mixed curved smooth 0 
47 juvenile 35 84.4 661 SEGMENTAL 7 5 absent mixed jagged rough 1 
48 adult 35 221.7 891 BUTTERFLY 5 3 present sharp curved smooth 0 
49 juvenile 39 47.7 399 OBLIQUE 5 3 present right intermediate rough 1 
50 juvenile 39 53.0 474 OBLIQUE 4 2 present mixed intermediate rough 1 
51 adult 35 254.1 836 COMMINUTED 20 18 present mixed curved rough 1 
52 adult 39 201.1 2000+ COMMINUTED 12 10 absent mixed intermediate smooth 1 
53 adult 39 176.2 1105 OBLIQUE 3 1 absent mixed curved rough 0 
54 adult 39 76.8 608 OBLIQUE 2 0 absent right intermediate rough 1 
UNPROCESSED BONES 
96 adult 0 197.8 2000+ COMMINUTED 13 11 present sharp curved smooth 0 
97 adult 0 230.3 1205 COMMINUTED 10 8 present sharp curved smooth 0 
98 adult 0 206.5 1140 COMMINUTED 22 20 present sharp curved smooth 0 
61 adult 6 229.7 1382 BUTTERFLY 9 7 present mixed curved smooth 0 
62 adult 6 228.8 1826 SEGMENTAL 13 11 present sharp curved smooth 0 
64 adult 6 199.3 342 OBLIQUE 11 9 present sharp curved smooth 0 
65 adult 6 217.3 1570 SEGMENTAL 15 13 present sharp curved smooth 0 
67 adult 6 229.5 1382 SEGMENTAL 9 7 absent mixed curved smooth 0 
68 adult 6 210.5 1800 COMMINUTED 17 15 present mixed curved smooth 0 
63 adult 10 225.6 902 OBLIQUE 2 0 present sharp curved smooth 0 
66 adult 10 219.2 744 OBLIQUE 5 3 present sharp curved smooth 0 
69 adult 10 214.7 2000+ COMMINUTED 14 12 present mixed curved smooth 0 
70 adult 10 201.9 681 TRANSVERSE 2 0 present mixed jagged smooth 0 
71 adult 15 182.4 2000+ SEGMENTAL 12 10 present mixed jagged smooth 0 
72 adult 15 198.2 355 COMMINUTED 4 2 present mixed curved smooth 0 
73 adult 15 239.4 2000+ SEGMENTAL 11 9 absent sharp jagged smooth 0 
75 adult 15 192.3 233 OBLIQUE 4 2 present mixed jagged smooth 0 
76 adult 15 206.1 529 OBLIQUE 2 0 absent sharp curved smooth 0 
79 adult 20 218.6 770 BUTTERFLY 5 3 present mixed curved smooth 0 
80 adult 20 174.6 639 SEGMENTAL 6 4 present mixed jagged smooth 0 
81 adult 24 133.2 843 TRANSVERSE 4 2 present sharp curved smooth 0 
82 adult 20 173.5 2000+ COMMINUTED 22 20 present mixed jagged rough 0 
84 adult 24 136.1 889 BUTTERFLY  5 3 present sharp curved rough 0 
85 adult 24 152.7 888 TRANSVERSE 4 2 present mixed transverse rough 0 
86 adult 28 180.3 2000+ COMMINUTED 15 13 absent mixed jagged smooth 0 
87 adult 24 125.3 892 SEGMENTAL 5 3 present right transverse rough 1 
88 adult 24 165.4 782 OBLIQUE 7 5 present mixed jagged rough 0 
89 adult 28 192.5 448 BUTTERFLY 7 5 absent mixed curved smooth 0 
91 adult 28 180.5 346 BUTTERFLY 3 1 present right curved smooth 0 
92 adult 28 249.5 1191 SEGMENTAL 4 2 present mixed curved smooth 1 
94 adult 28 178.5 399 OBLIQUE 3 1 present mixed curved smooth 0 
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Figure 4.15.  Example of Fracture Line Presence Observed. 
 
 
Figure 4.16.  Top (a) Example of Sharp Fracture Angles Observed.  Bottom (b) 





Figure 4.17.  Top (a) Example of Smooth Fracture Surface Texture Observed.  





Figure 4.18.  Top (a) Example of Jagged Broken End Shape.  Bottom (b) Example of 






Figure 4.18.  Top (c) Example of Intermediate Broken End Shape.  Bottom (d) 






Figure 4.19.  Comminuted Fracture of Unprocessed Bone, No Exposure.  Humerus 
#96 displays fracture lines, has sharp fracture angles, curved broken ends, and a 
smooth fracture surface. 
 
 
Figure 4.20.  Oblique Fracture of Unprocessed Bone, Exposed 10 Weeks.  Tibia #63 





Figure 4.21.  Fracture of Unprocessed Bone, Exposed 28 Weeks.  Femur #89 lacks 
fracture lines, displays mixed fracture angles, a curved broken end, and a smooth 
fracture surface. 
 
Figure 4.22.  Oblique Fracture of Processed Bone, No Exposure.  Femur #1 displays 






Figure 4.23.  Fracture of Processed Bone, Exposed 12 Weeks.  Tibia #15 displays 




Figure 4.24.  Butterfly Fracture of Processed Bone, Exposed 21 Weeks.  Femur #26 







Figure 4.25.  Oblique Fracture of Processed Bone Exposed for Exposed 39 Weeks.  
Femur #49 displayed fracture lines, had right fracture angles, intermediate-shaped 




Effect of Processing 
 A general linear model univariate analysis was conducted using SPSS 20.0 to 
provide a regression analysis and analysis of variance for the dependent variable by one 
or more variables to evaluate statistical significance, valued at p<0.05.  This test was 
conducted first to assess if the factor of processing affected the force required to fracture 
bone.  The dependent variable was the force required.  The fixed variables were the 
exposure time and unprocessed/processed variable.  The mass after exposure and age 
were covariates.  This test was conducted on only the first four of the two-month-
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intervals, which spanned Week 0 to Week 32, because Interval 5 did not contain a sample 
of unprocessed bones.  The univariate analysis concluded that the main effect of 
processing on the force required to fracture bone was not significant [F(1,55)=1.714; 
p>0.05] in this study sample.  Table 4.2 expresses the mean and the standard error of the 
mean for each interval.  
Table 4.2.  Effects of Processing on Force Required to Fracture Bone. 
 
Effect of Juvenile vs. Adult Bone  
 A general linear model univariate analysis was conducted using SPSS 20.0 to 
assess if difference between juvenile and adult bone affected the force required to 
fracture bone.  The dependent variable was the force required.  The fixed variables were 
the exposure time and age variable.  The mass after exposure and level of processing 
were covariates.  This statistical analysis was conducted using only Interval 3 through 
Interval 5, which spanned Week 17 through Week 40, since this was the part of study 
sample that contained juvenile bones.  This univariate analysis concluded that the main 
























Time (2 Month Interval) 





1 = 0-8 Weeks 
2 = 9-16 Weeks 
3 = 17-24 Weeks 




p>0.05] in this study sample at a 95% confidence interval.  Table 4.3 expresses the mean 
and the standard error of the mean for each 2 month interval. 
Table 4.3.  Effect of Age on Force Required to Fracture Bone. 
 
 
Effect of Exposure Time on Force Required to Fracture Bone 
 Once it was concluded that processing and age did not have a significant effect on 
force required, another test was conducted using the entire sample without distinguishing 
level of processing or epiphyseal fusion of the skeletal elements.  A general linear model 
univariate analysis was performed using SPSS 20.0.  This test was conducted to assess the 
effect of exposure time on forced required to fracture the skeletal elements (Table 4.4).  
The dependent variable was the force required, with the exposure time as a fixed variable 
and the mass after exposure as a co-variable.  This analysis concluded that the main effect 






















Time (2 Month Interval) 





3 = 17-24 Weeks 
4 = 25-32 Weeks 
5 = 33-40 Weeks 
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confidence interval.  Table 4.5 expresses the mean and standard error of the mean for 
each interval.   
Table 4.4.  Univariate Regression Analysis Results of Exposure Effect on Force 
Required to Fracture Bone. 
Univariate Tests 
Dependent Variable: LBF 
 Sum of Squares df Mean Square F Sig. 
Contrast 1624552.777 4 406138.194 4.769 .002 
Error 5790787.074 68 85158.633   
The F tests the effect of 2 month intervals. This test is based on the linearly independent 
pairwise comparisons among the estimated marginal means. 
 
Table 4.5.  Effect of Exposure Time on Force Required to Fracture Bone. 
 
Table 4.6 displays the pairwise comparison from this analysis.  The pairwise 
comparison displays the significant differences at the statistical level (p <0.05) between 



























Time (2 Month Interval) 
Effect of Exposure Time of Force Required 
Time Exposed Key 
1 = 0-8 Weeks 
2 = 9-16 Weeks 
3 = 17-24 Weeks 
4 = 25-32 Weeks 
5 = 33-40 Weeks 
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significant difference in force required between Interval 1 (Weeks 0-8) in comparison to 
Interval 2 (Weeks 9-16) and Interval 4 (Weeks 25-32).  There is a significant difference 
in force required between Interval 2 (Weeks 9-16) in comparison to Interval 1 (Weeks 0-
8) and Interval 3 (Weeks 17-24).  There is a significant difference in force required 
between Interval 3 (Weeks 17-24) and Interval 2 (Weeks 9-16).  There is a significant 
difference in force required between Interval 4 (Weeks 25-32) and Interval 1 (Weeks 0-
8).  Lastly, there is not a statistically significant difference in forced required between 
Interval 5 (Weeks 33-40) and any of the other four Intervals.  Although there is not a 
statistically significant different between Interval 1 (0-8 weeks) and Interval 5 (33-40 
weeks), there is clearly a difference of 230 lbf between the force required to fracture bone 
between these two intervals as shown in the above graph (Table 4.5).  
Table 4.6.  Pairwise Comparison of Exposure Time on Force Required to Fracture 
Bone. 
Pairwise Comparisons of Dependent Variable LBF2 
(I) 2 Month 
Interval 


















 107.315 .000 241.162 669.450 
17-24 156.011 96.816 .112 -37.183 349.205 
25-32 230.842
*
 107.132 .035 17.064 444.621 




 107.315 .000 -669.450 -241.162 
17-24 -299.295
*
 113.460 .010 -525.702 -72.888 
25-32 -224.464 124.409 .076 -472.719 23.791 
33-40 -225.692 138.026 .107 -501.119 49.734 
Based on estimated marginal means 
*. The mean difference is significant at the .05 level. 





Table 4.6.  Pairwise Comparison of Exposure Time on Force Required to Fracture 
Bone. 
Pairwise Comparisons of Dependent Variable LBF 
 
17-24 
0-8 -156.011 96.816 .112 -349.205 37.183 
9-16 299.295
*
 113.460 .010 72.888 525.702 
25-32 74.831 103.898 .474 -132.495 282.157 




 107.132 .035 -444.621 -17.064 
9-16 224.464 124.409 .076 -23.791 472.719 
17-24 -74.831 103.898 .474 -282.157 132.495 
33-40 -1.228 123.059 .992 -246.789 244.333 
33-40 
0-8 -229.614 122.896 .066 -474.850 15.622 
9-16 225.692 138.026 .107 -49.734 501.119 
17-24 -73.603 120.426 .543 -313.910 166.704 
25-32 1.228 123.059 .992 -244.333 246.789 
Based on estimated marginal means 
*. The mean difference is significant at the .05 level. 
b. Adjustment for multiple comparisons: Least Significant Difference (equivalent to no adjustments). 
 
 Additionally, a one-way analysis of variance (ANOVA) test was conducted on the 
effect of exposure time on force required to run a post-hoc analysis using Fisher’s LSD 
and Tukey (Table 4.7).  The dependent variable was the force required (lbf) and the factor 




Table 4.7.  ANOVA Post Hoc Analysis on Effect of Exposure Time on Force 
Required to Fracture Bone.  






















 118.519 .010 70.266 734.266 
17-24 237.711 105.453 .173 -57.687 533.110 
25-32 394.466 110.865 .006 83.909 705.024 
33-40 384.600 130.281 .034 19.651 749.548 
9-16 
0-8 -402.266 118.519 .010 -734.266 -70.266 
17-24 -164.555 120.963 .655 -503.401 174.290 
25-32 -7.800 125.709 1.000 -359.939 344.339 
33-40 -17.666 143.126 1.000 -418.594 383.261 
17-24 
0-8 -237.711 105.453 .173 -533.110 57.687 
9-16 164.555 120.963 .655 -174.290 503.401 
25-32 156.755 113.473 .641 -161.110 474.621 
33-40 146.888 132.509 .802 -224.298 518.075 
25-32 
0-8 -394.466 110.865 .006 -705.024 -83.909 
9-16 7.800 125.709 1.000 -344.339 359.939 
17-24 -156.755 113.473 .641 -474.621 161.110 
33-40 -9.866 136.854 1.000 -393.227 373.493 
33-40 
0-8 -384.600 130.281 .034 -749.548 -19.651 
9-16 17.666 143.126 1.000 -383.261 418.594 
17-24 -146.888 132.509 .802 -518.075 224.298 
25-32 9.866 136.854 1.000 -373.493 393.227 
LSD 
0-8 
9-16 402.266 118.519 .001 165.826 638.707 
17-24 237.711 105.453 .027 27.336 448.085 
25-32 394.466 110.865 .001 173.297 615.636 
33-40 384.600 130.281 .004 124.694 644.505 
9-16 
0-8 -402.266 118.519 .001 -638.707 -165.826 
17-24 -164.555 120.963 .178 -405.871 76.760 
25-32 -7.800 125.709 .951 -258.582 242.982 
33-40 -17.666 143.126 .902 -303.195 267.862 




Table 4.7.  ANOVA Post Hoc Analysis on Effect of Exposure Time on Force 
Required.  





















0-8 -237.711 105.453 .027 -448.085 -27.336 
9-16 164.555 120.963 .178 -76.760 405.871 
25-32 156.755 113.473 .172 -69.618 383.129 
33-40 146.888 132.509 .271 -117.459 411.237 
25-32 
0-8 -394.466 110.865 .001 -615.636 -173.297 
9-16 7.800 125.709 .951 -242.982 258.582 
17-24 -156.755 113.473 .172 -383.129 69.618 
33-40 -9.866 136.854 .943 -282.884 263.151 
33-40 
0-8 -384.600 130.281 .004 -644.505 -124.694 
9-16 17.666 143.126 .902 -267.862 303.195 
17-24 -146.888 132.509 .271 -411.237 117.459 
25-32 9.866 136.854 .943 -263.151 282.884 




 The fracture type data were modified to conduct a statistical test through SPSS 
20.0 on the effect of exposure time on the type of fracture produced.  Due to low 
frequencies, the fracture type “transverse” was combined with the fracture type 
“segmental” since both indicated a transverse fracture.  The group “combined” contained 
transverse, segmental, and comminuted fractures.  After the fracture type classifications 
were grouped, the types of fractures analyzed consisted of “oblique,” “butterfly,” and 
“combined.”  The multinomial regression analysis (Table 4.8) concluded that the main 
effect of time exposure on fracture type is not significant since the likelihood ratio chi-
square of 0.969 with a p-value > 0.05 tells us that the study model as a whole does not fit 
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significantly better than an empty model (i.e., a model with no predictors).  Additionally, 
the classification table (Table 4.9) indicates that the overall percentage correctly 
classified is 46.9%, which also indicates that the study model does not fit significantly 
better than an empty model.  A histogram displays the distribution of fracture type over 
each interval (Table 4.10). 
Table 4.8.  Model Fitting Information for Fracture Type Multinomial Regression 
Analysis. 
Model Fitting Information 
Model Model Fitting Criteria Likelihood Ratio Tests 
-2 Log Likelihood Chi-Square df Sig. 
Final 35.235 .969 2 .616 
 
Table 4.9.  Classification Model for Fracture Type. 
Classification 
Observed Predicted 
Oblique Butterfly Transverse Percent Correct 
Oblique 6 17 0 26.1% 
Butterfly 2 24 0 92.3% 
Combined 1 14 0 0.0% 
Overall Percentage 14.1% 85.9% 0.0% 46.9% 
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Table 4.10.  Histogram for Fracture Type. 
 
 
Number of Fragments 
 A general linear model univariate analysis was conducted using SPSS 20.0 to 
assess if exposure time affected the number of fragments produced from the fracture.  
The dependent variable was the number of fragments. The fixed variables were the 
exposure time, expressed in two-month-intervals and the mass after exposure was a 
covariate.  This univariate analysis concluded that the main effect of exposure time on 
number of fragments produced was significant [F(4,68)=4.523; p>0.05] in this study 
sample at a 95% confidence interval (Table 4.11).  Table 4.12 expresses the mean and the 
standard error of the mean for each interval.  A pairwise comparison displays the 
















































Time Exposed Key 
1 = 0-8 Weeks 
2 = 9-16 Weeks 
3 = 17-24 Weeks 
4 = 25-32 Weeks 
5 = 33-40 Weeks 
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Table 4.11.  Univariate Analysis of Effect of Exposure Time on Number of 
Fragments Produced. 
Univariate Tests 
Dependent Variable: # OF FRAGMENTS 
 Sum of Squares df Mean Square F Sig. 
Contrast 381.958 4 95.489 4.523 .003 
Error 1435.748 68 21.114 
  
The F tests the effect of 2 month intervals. This test is based on the linearly 
independent pairwise comparisons among the estimated marginal means. 
 
Table 4.12.  Effect of Exposure Time on Number of Fragments Produced. 
 
 
Table 4.13 displays the pairwise comparison from this analysis.  The pairwise 
comparison displays the significant differences (p <0.05) between each two-month 
interval at a 95% confidence interval.  This shows that there is a significant difference in 




























Time (2 Month Interval) 
Effect of Exposure Time on Number of 
Fragments Produced 
Time Exposed Key 
1 = 0-8 Weeks 
2 = 9-16 Weeks 
3 = 17-24 Weeks 
4 = 25-32 Weeks 




Interval 3 (Weeks 17-24), and Interval 4 (Weeks 25-32).  There is not a significant 
difference between Interval 2 (Weeks 25-32), Interval 3 (Weeks 17-24), Interval 4 
(Weeks 25-32), or Interval 5 (Weeks 33-40). 
Table 4.13.  Pairwise Comparison of Two-Month-Intervals on Number of 
Fragments Produced.  
Pairwise Comparisons 






















 1.690 .000 2.922 9.666 
17-24 4.402
*
 1.524 .005 1.360 7.444 
25-32 4.997
*
 1.687 .004 1.631 8.363 




 1.690 .000 -9.666 -2.922 
17-24 -1.892 1.787 .293 -5.457 1.673 
25-32 -1.297 1.959 .510 -5.206 2.612 




 1.524 .005 -7.444 -1.360 
9-16 1.892 1.787 .293 -1.673 5.457 
25-32 .595 1.636 .717 -2.670 3.860 




 1.687 .004 -8.363 -1.631 
9-16 1.297 1.959 .510 -2.612 5.206 
17-24 -.595 1.636 .717 -3.860 2.670 
33-40 -1.464 1.938 .453 -5.330 2.403 
33-40 
0-8 -3.534 1.935 .072 -7.395 .328 
9-16 2.761 2.173 .208 -1.576 7.098 
17-24 .869 1.896 .648 -2.915 4.653 
25-32 1.464 1.938 .453 -2.403 5.330 
Based on estimated marginal means 
*. The mean difference is significant at the .05 level. 





The fracture angle data were modified in order to conduct a statistical analysis in 
SPSS 20.0.  The fractures that originally were categorized as having a right angle were 
now assigned to displaying “Mixed Angles” since a mixed angle originally was described 
as having both sharp and right angles.  The definition of mixed angles has been modified 
for this study to include fractures that display either right angles or both sharp and right 
angles.  For statistical analysis, the two categories tested were “sharp” and “mixed 
angles.”  Once the categories were modified, a binary regression analysis was conducted 
to assess the main effect of exposure time on the type of fracture angle produced.  The 
dependent variable was fracture angle type and the covariate was the exposure time 
expressed in two-month intervals.  The analysis concluded that the main effect of 
exposure time on fracture angle produced was significant will a 95% confidence interval.  
The Omnibus Test of Model Coefficients indicated that the model chi-square for this 
study was 17.190, p < 0.05 with 2 degrees of freedom.  Additionally, the post hoc 
analysis included the Hosmer and Lemeshow Test as well as a classification table to 
indicate the presence of a trend within the data.  The Hosmer Lemeshow Test displayed a 
non-significant chi-square value, which indicates that the data fit the model well (chi-
square 1.598, 3 degrees of freedom, p < 0.05).  The classification table indicates that the 
percentage of angles that correctly fit the model is 68.9% (Table 4.14).  Both the Hosmer 
Lemeshow Test and the classification table indicate that there is a trend in the data in 
regard to the main effect of exposure time on the type of fracture angle produced.  A 
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histogram analysis displays a trend in the data among the three fracture angle types 
(Table 4.15).   
















Sharp/Obtuse/Acute 23 14 62.2 
Mixed Angle 9 28 75.7 
Overall Percentage   68.9 
a. The cut value is .500 
 







































Time Exposed Key 
1 = 0-8 Weeks 
2 = 9-16 Weeks 
3 = 17-24 Weeks 
4 = 25-32 Weeks 
5 = 33-40 Weeks 
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Presence of Fracture Lines 
 A binary regression analysis was conducted through SPSS 20.0 to assess if 
exposure time had a main effect on the presence of fracture lines produced from the 
fracture.  The dependent variable was the presence of fracture lines (scored as 1 = present 
and 0 = absent) with the covariate of exposure time (expressed in two month intervals).  
This analysis concluded that the main effect of exposure time on the presence of fracture 
lines was not significant, because the Omnibus Tests of Model Coefficients show that the 
model chi-square of 3.793 with two degrees of freedom was not significant (p > 0.05) at a 
95% confidence interval.   
However, a post hoc analysis, which included the Hosmer and Lemeshow Test 
and a classification table, was conducted to assess a trend in the model.  The Hosmer and 
Lemeshow Test displays a non-significant chi-square value (chi-square 12.178, 8 degrees 
of freedom, p > 0.05), which indicates that the data fit the model well.  Additionally, the 
classification table displayed that the percentage of data that correctly fit the model was 
74.3%, with 100% of the “present” fracture lines correctly classified (Table 4.16).  The 
Hosmer and Lemeshow Test and the classification model indicate that there is a trend in 
regard to the effect of exposure time on the presence of fracture lines.  This trend is 
supported by a histogram analysis that displays the frequency of the presence of fracture 




















Absent 0 19 .0 




a. The cut value is .500 
 
Table 4.17.  Histogram of Fracture Line Presence. 
 
 
Texture of Fracture Surface 
 A binary regression analysis was conducted through SPSS 20.0 to assess if 
exposure time had a main effect on the texture of the fracture surface produced from the 
fracture.  The dependent variable was the texture of the fracture surface (scored as 1 = 

































Time Exposed Key 
1 = 0-8 Weeks 
2 = 9-16 Weeks 
3 = 17-24 Weeks 
4 = 25-32 Weeks 
5 = 33-40 Weeks 
          1        2    3                      4                        5 
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intervals).  This analysis concluded that the main effect of exposure time on the texture of 
the fracture surface was significant because the Omnibus Tests of Model Coefficients 
show that the model chi-square of 39.078 with one degree of freedom was significant (p 
<0.05) at a 95% confidence interval. 
 Additionally, a post hoc analysis, which included the Hosmer and Lemeshow Test 
and a classification table, was conducted to assess a trend in the model.  The Hosmer and 
Lemeshow Test displays a non-significant chi-square value (chi-square 2.710, 3 degrees 
of freedom, p > 0.05), which indicates that the data fit the model well.  Additionally, the 
classification table displayed that the percentage of data that correctly fit the model was 
81.1% (Table 4.18).  The Hosmer and Lemeshow Test and the classification model 
indicate that there is a trend in regard to the effect of exposure time on the presence of 
fracture lines.  This trend is supported by a histogram analysis that displays the 
frequencies of the texture of the fracture surface (Table 4.19).  
















Smooth 43 7 86.0 
Rough 7 17 70.8 
Overall Percentage   81.1 




Table 4.19.  Histogram of Texture of Fracture Surface. 
 
 
Shape of Broken Ends 
 For the purpose of statistically analyzing the shape of the broken ends, both the 
transverse broken end shape and the intermediate broken end shape were temporarily 
removed from data set due to low frequencies in the overall sample.  After the data were 
modified, a binary regression analysis was conducted through SPSS 20.0.  The dependent 
variable was fracture type (scored as 1 = jagged and 2 = curved), and the covariate was 
the exposure time expressed in two-month intervals.  The analysis concluded that the 
main effect of time exposure on broken end shape is not significant since the Omnibus 
Tests of Model Coefficients indicated that the likelihood ratio chi-square of 0.286 with a 
p-value > 0.05 tells us that the study model as a whole does not fit significantly better 





















Time (2 Month Interval) 





1 = 0-8 Weeks 
2 = 9-16 Weeks 
3 = 17-24 Weeks 
4 = 25-32 Weeks 
5 = 33-40 Weeks 
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However, a post hoc analysis, which included the Hosmer and Lemeshow Test 
and a classification table, was conducted to assess a trend in the model.  The Hosmer and 
Lemeshow Test displays a non-significant chi-square value (chi-square 1.701, 3 degrees 
of freedom, p > 0.05), which indicates that the data fit the model well.  Additionally, the 
classification table displayed that the percentage of data that correctly fit the model was 
63.1%, with 100% of the “curved broken end shape” correctly classified (Table 4.20).  
The Hosmer and Lemeshow Test and the classification model indicate that there is a 
trend in regard to the effect of exposure time on the shape of the broken ends.  This trend 
is supported by a histogram analysis that displays the frequency of the shape of the 
broken ends (Table 4.21). 
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Jagged 0 24 .0 
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1 = 0-8 Weeks 
2 = 9-16 Weeks 
3 = 17-24 Weeks 
4 = 25-32 Weeks 
5 = 33-40 Weeks 
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 After eight weeks, bleaching was apparent on the bone.  Bleaching was present on 
both processed and unprocessed bones.  Bleaching of this type is caused by prolonged 
exposure to sunlight (Beary 2006; Behrensmeyer 1978; Calce and Rogers 2007).  It has 
been asserted that remains exposed on the surface for extended period of time display 
more bleaching than those exposed for shorter periods (Behrensmeyer 1978).  However, 
due to the growth of vegetation during the spring and summer months, the exposure of 
sunlight became limited, halting the bleaching process on the bones in this study.  
Therefore, bleaching on the bones was recorded during the earlier months of the study, 
between eight weeks and twenty-one weeks for the processed bones.   
 
Algae Staining 
Green staining began appearing on unprocessed skeletal elements after twenty-
four weeks and on processed bones after thirty-one weeks.  This green staining is a result 
of algae growth on the bones (Dupras et al. 2006).  Green algae staining is frequently 
present on remains from moist shaded areas (Ubelaker 1997).  Most of the skeletal 
elements were covered by vegetation growth by thirty-one weeks and had experienced 
approximately 77 cm of accumulated precipitation.  The vegetation trapped moisture 
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from the dew that accumulated on the ground during exposure.  This trapped moisture is 
a probable cause for the green algae staining that appeared on skeletal elements after 
weeks of exposure in the grassy microhabitat. 
 
Other Discoloration 
 Dark discoloration was observed on both skeletal elements.  Discoloration on 
bone can be caused by several factors, such as decompositional processes, hemolysis, 
depositional context, environment, soil characteristics, and organic matter (Behrensmeyer 
1978; Calce and Rogers 2007; Huculak and Rogers 2009; Jaggers and Rogers 2009; 
Sauerwein 2011).  Depositional context and environment typically result in discoloration 
such as bleaching, which has already been discussed.  Prolonged contact with soil causes 
tan, brown, black, or other color staining, depending on the pigments available in the 
organic and mineral content of the soil (Perper 1993).  In their study, Huculak and Rogers 
(2009) indicate that a light yellowish brown color denotes soil staining, but it depends on 
the region and soil composition.  Therefore, soil staining on bones would match the 
pigments found in local soil.  Studies on soil characteristics and staining reveal that it is 
currently unclear what effect soil moisture have on staining (Fisher 1995; Jaggers and 
Rogers 2009; Sauerwein 2011).  Of these options, decompositional processes, hemolysis, 
soil staining and organic matter therefore seem most likely factors to cause the 
discoloration seen on the bones, based on the description of the colors described.  Brown 
discoloration is typically produced by organic decomposition (Dupras et al. 2006).  
94 
 
Huculak and Rogers (2009) reported decompositional stains having a dark, reddish-gray 
color and described hemolysis causing a dark, reddish-brown stain on bones.  While this 
decompositional and hemolysis staining may be unlikely in the processed, boiled bones, 
the dark, reddish-brown staining and the dark, reddish-gray staining appeared on many of 
the unprocessed bones between six and twenty-eight weeks of exposure.  In a case study, 
Ubelaker (2007) described organic matter, specifically a type of fungus, to cause black 
staining on bone.  The black staining observed on tibia #37, tibia #38, and tibia #39 
therefore could be explained by the same type of fungus.  The black discoloration can 
also appear on bone as a result of mineral staining, but mineral staining is an unlikely 
explanation in this case. 
The first appearance of discoloration on the unprocessed bones occurred after six 
weeks.  As for the processed bones, discoloration was apparent after seventeen weeks.  
The discrepancy between these two initial observations may be explained by the timeline 
of the project.  The processed bones were set out for exposure on 1 February, when the 
soil was often frozen solid.  The unprocessed bones were set out for exposure in mid-
April, after the soil had already thawed for the last time that season.  Therefore, the 
discoloration of the processed elements may have been delayed due to the frozen nature 





 Bone exposed to environmental factors over any period of time becomes dry, 
grainy, lower in weight, and fragile (Galloway 1999).  Exposure to air causes loss of 
moisture, resulting in various degrees of dehydrated, brittle bone (Galloway 1999).  
Bones vulnerable to the effects of precipitation are also susceptible to cracking, wedging, 
and flaking.  
The weathering stages proposed by Behrensmeyer (1978) describe Stage 0 as the 
absence of cracking and flaking, and the presence of soft tissue and greasy bone, which is 
likely to persist between 0 and 1 year of exposure.  Stage 0 was observed on both the 
unprocessed and processed skeletal elements ranging between eight weeks of exposure 
and thirty-nine weeks of exposure.  Stage 1 was first observed on the unprocessed bone at 
twenty-four weeks and on the processed bone at twenty-five weeks.  Based on 
Behrensmeyer’s model, evidence of cracking (Stage 1) is evident between 0 and 3 years.  
The results of this study fall within Behrensmeyer’s model, since the latest weathering 
stage observed was Stage 1 after nine months.  Her data, however, were derived from 
observations on mammals in the Amboseli Basin in southern Kenya.  Other taphonomic 
studies conducted in the New England region also found that Stage 1 weathering was 
apparent on remains after twenty-four weeks of exposure (Junod 2013; Sorg 2011).  
Additionally, observation of surface bone weathering in various environments on 
different continents has demonstrated that textual characteristics of the distinctive 
weathering stages are normally recognizable in different settings (Bielenstein 1990).  
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This demonstrates the importance of examining differential rate of weathering based on 
microenvironmental context, particularly with respect to estimating time since death. 
 
Fracture Patterns 
Effect of Processing 
Statistical comparisons between processed and unprocessed skeletal elements 
revealed that the processing factor did not significantly impact the results of this study in 
regard to the force required to fracture bone over this exposure interval.  These findings 
disagree with Nicholson (1992), which suggested that cooking reduced a bone’s ability to 
withstand stress due to damage at the microstructure level that would reduce the strength 
and stiffness of the bone.  In this study, the bones that were subjected a soft boiling were 
not significantly impaired on their ability to withstand the stress of the compressive force.  
Therefore, the results of this study agree with the findings that weathering modifies bone 
structure and morphology more significantly than modification by boiling (Malgosa et al. 
2008; Trujillo et al. 2012; White and Hannus 1983).  Since other researchers (Malgosa et 
al. 2008; Outram 2001; Ríoz-Díaz et al. 2008) have not perceived a significant difference 
between unboiled and boiled materials, it was determined that the factor of processing 
would not be a significant factor in subsequent statistical analyses conducted on fracture 
patterns during this study.  For this reason, the statistical tests that were conducted to 
assess the correlation between exposure time, force required, and fracture characteristics 




Effect of Juvenile vs. Adult Bone 
 Statistically comparisons between the adult and juvenile bones in the skeletal 
sample revealed that the discrepancy in age did not significantly impact the results of this 
study in regard to the force required to fracture bone over this exposure interval.  
Although these results are surprising, it is possible that skeletal shaft of the juvenile 
sample was similar enough to an adult that the age did not affect the study sample.  Age 
was determined by the level of fusion of the epiphyses in the long bones.  
 
Influence of Exposure Time 
Impact on Force Required 
Statistical comparisons between weeks of exposure determined that fresher bone, 
which has a shorter period of exposure (0 to 8 weeks), does require significantly more 
force to fracture than weathered bone (24 to 39 weeks).  There was a significant 
difference in force required between the bones that were fractured after a range of 0 to 8 
weeks of exposure (Interval 1) and the bones that were fractured after a range of 9 to 16 
weeks (Interval 2), than between 25 to 32 weeks of exposure (Interval 4).  Additionally 
there is a significant difference in force required between the bones fractured after a 
range of 9 to 16 weeks and bones that were fractured after a range of 25 to 32 weeks.  
Considering that the results conclude that there is a difference between Interval 1 and 
Interval 2 and then between Interval 2 and Interval 3, this displays how increasing the 
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length of exposure impacts the force required to fracture bone.  Bones fractured from 
Interval 1 (0-8 weeks) had a mean force value of 1018 lbf , while bones fractured from 
Interval 2 (9-16 weeks) had a mean force value of 563 lbf, which is nearly half the 
amount of force required for bones exposed for zero to eight weeks.  However, Interval 2 
(9-16 weeks) appears to be an anomaly in the trend since the mean force required to 
fracture bones from Interval 3 (17-24 weeks) was 862 lbf, which is still less force 
required than the bones from the early weeks zero through eight.  The weather data does 
not indicate unusual activity for this period so it is difficult to explain what possibly 
would have caused this anomaly in the data.  In Interval 4 (weeks 25-32), the mean force 
required to fracture bones exposure during this period continues to decrease from Interval 
3 and then appears to level off, which is indicated by the closeness in mean force required 
between Interval 4 and Interval 5 (weeks 33-40).  The mean force required for Interval 4 
was 787 lbf and the mean force required for Interval 5 was 788 lbf, which may be 
explained by the smaller number of bones present in Interval 5 (9 bones in comparison to 
16-18 bones). 
These findings correlate with Wheatley (2008, 70), who stated that “fresh bone 
requires significantly more velocity to break and it absorbs significantly more energy at 
impact and at failure than dry bone.”  Wheatley used measurements of energy for his 
impact variable while this study used measurements of force.  In his study, fresh bone 
required 41.8 Joules on average to fail while dry bone required 15.1 Joules on average to 
fail.  Wheatley’s (2008) study was able to control for velocity and impact energy while 
this study only accounted for the force required to fail.  In this study, it was found that 
99 
 
weathering does impact the force required to fracture bone.  It took considerably more 
force to fracture the fresh bone from Interval 1.  From the data, it appears that the bones 
were dried out enough after nine weeks of exposure to result in a decrease of force 
required.  This corresponds with Wheatley’s study, since the dry sample tested was 44 
days old, which is approximately six weeks.   
 
Impact on Fracture Type 
 The increasing amount of exposure time did not affect the type of fractures that 
resulted from the compressive force.  The data did not follow a trend, which was 
indicated by the lack of goodness of fit and the poor classification.  However, due to the 
fact that the data from this study needed to be modified and condensed in order to run an 
analysis, it is not statistically reliable in terms of a broader impact.  The ratio of fracture 
type categories (5) to the number of specimens analyzed (73) was too high to produce 
reliable results within the small sample of this study.   
The appearance of butterfly fractures as late as Interval 5 (33-40 weeks) on 
weathered bone in this study corresponds with the observation by Ubelaker and Adams 
(1995) that butterfly fractures are not limited to perimortem trauma and can be produced 
postmortem.  Wheatley (2008) also observed butterfly fractures postmortem: three on dry 
bones and one on a fresh bone.  In Wheatley’s (2008) study, butterfly fractures were not 
as common, only four present out of the seventy-six bones in his sample.  This present 
study had three butterfly fractures on fresh bone (from Interval 1) and 16 butterfly 
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fractures on dry bone between Intervals 2-5.  The histogram of fracture types indicate 
some patterns about when particular fractures are observed.  For example, comminuted 
fractures were the most commonly observed type of fracture in fresh bone (Interval 1 of 
0-8 weeks).  A possible explanation for this is that there were still minor remnants of soft 
tissue.  The remnants of soft tissue and the higher resistance to fracture in fresh bone may 
have influenced the pathways of the fracture cracks and the number of fragments that 
broke off.  Wheatley (2008) also found that transverse fractures were characteristic of 
postmortem fractures, but this pattern was not confirmed by the present study.  Two 
bones of Wheatley’s (2008) sample exhibited a transverse fracture type.  Transverse 
fractures were rare overall and accounted for 0% of the fracture types in Interval 1 (0-8 
weeks), 7% in Interval 2 (9-16 weeks), 6% in Interval 3 (17-24 weeks), 0% in Interval 4 
(25-32) and 11% of fracture types in Interval 5 (33-40 weeks).  Segmental, comminuted, 
and butterfly fractures were observed in each interval through the study.  It should also be 
considered that the presence of cracking on several of the weathered elements may have 
influenced the type of fracture produced on the bone.   
When discussing bone biomechanics, patterns of fracture type (transverse, 
oblique, butterfly, etc.) have typically been associated with certain types of external 
loading conditions, such as compression, tension, bending, shear, and torsion.  However 
Symes (2013) discussed how linking these external loading conditions to fracture type 
categories may lead to a factual diagnosis regarding the point of impact in a study.  
Additionally, the overall failure mode of the bone (tension, compression, etc.) is 
disregarded which may cause an expert to misinterpret external loading conditions and/or 
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the point of impact in a forensic case.  When working on trauma cases, Symes et al. 
(2013) strongly advises forensic anthropologists to carefully examine the bone at the 
material level in order to identify stress markers involved in a bone injury as well as 
consult biomechanical experts about loading conditions and distribution of internal stress.  
Forensic anthropologists are also encouraged to correlate fracture morphology and failure 
mode evidence in the fracture pattern in order to negate incorrect trauma analysis.  In 
regards to this study, perhaps the lack of fracture type pattern could be explained by the 
consistent loading conditions of the bone.  The fracture types present (oblique, transverse, 
comminuted, butterfly, and segmental) can be attributed to the bending load applied to 
the bone. 
 
Impact on Fracture Characteristics 
The statistical tests used in this study indicated that exposure time does affect 
several of Wheatley’s (2008) characteristics.  The statistical results displayed that the 
number of fragments, the fracture angle, and the texture of the fracture surface produced 
were influenced by the length of time exposed to weathering conditions of Southeastern 
Massachusetts.  Additionally, while the effect of exposure time on the presence of 
fracture lines and shape of broken ends was not statistically significant, there is evidence 
of a trend over time for both these characteristics.  Overall, the results indicate that there 
is a statistically significant difference between characteristics between fresh bone and 
weathered bone.  The most significant differences occurred between Interval 1 (0-8 
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weeks) and Intervals 2-5 (9-40 weeks), which indicates the distinction between a fresh 
bone set (weeks 0-8) and a dry bone set (weeks 9-40). 
 
Number of Fragments Produced by Fracture 
Fresh bone, fractured after 0 to 8 weeks of exposure, produced the most abundant 
amount of fragments on average.  The largest difference between the average number of 
fragments between each Interval occurred between Interval 1 (0-8 weeks) and Intervals 2-
5 (9-40 weeks).  After this initial difference, there was not a significant difference among 
the average amount of fragments of Intervals 2-5 (9-40 weeks).  Therefore, the difference 
between fresh and dry bone is evident by the number of fragments produced.  Fresh bone 
produced more fragments than weathered bone, which correlates with Wheatley’s (2008) 
findings that fresh bones produce significantly more fragments.  The average number of 
fragments produced on fresh bone in Wheatley’s (2008) sample was 12.5 fragments, 
while the average number of fragments in dry bones was 7.2 fragments.  In this present 
study, the average number of fragments for fresh bone (0-8 weeks) was 9.45 fragments, 
while the average number of fragments for dry bone (9-36 weeks) was 3.94 fragments.  
The higher amount of fragments produced on average from the fractured bones in 
Interval 1 (0-8 weeks) may be related to the fact that the comminuted fractures had the 





For the fracture angle, fresh bones were more likely to exhibit sharp angles while 
weathered bones were more likely to exhibit either sharp and right (mixed) angles or only 
right angles.  The statistical analysis agrees with the findings that fresh bones had 
significantly more sharp edges (Wheatley 2008).  In Wheatley’s (2008) sample, fresh 
bones displayed 36 (85%) sharp-angled edges and 6 (15%) mixed-angled edges, while 
dry bones exhibited 20 (59%) sharp-angled edges and 14 (41%) mixed-angled edges.  
Right-angled edges were only exhibited on three bones in the dry bone group and were 
included in the mixed-angled group.  In this study, 75% of the fresh bone displayed sharp 
angles and 25% of the fresh bone displayed mixed angles.  As for the dry bones, 42% 
displayed sharp angles, 40% displayed mixed angles, and 18% displayed right angles 
only. 
Although it could not be statistically analyzed, the graph of fracture angle type 
distribution indicates that right angles only appeared on fractures in the later weeks of 
exposure, starting at seventeen weeks of exposure (Interval 3).  Right angle edges 
become slightly more common in Interval 4 (25-32 weeks) and Interval 5 (35-40 weeks), 
while sharp angles become less common on fractures during those weeks.  The 
percentage of only sharp-angled edges produced from fractures in Interval 1 (0-8 weeks) 
was 75%, which decreased to 66.6% of the fractured bones grouped into Interval 2 (9-16 
weeks), and decreased further to 55% of the fractured bones grouped into Interval 3 (17-
24 weeks).  The percentage of only sharp-angled edges seen in an interval bone set then 
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dwindled down to 20% of the fractured bones grouped into Interval 4 (25-32 weeks) and 
then comprised only 11% of the fractured bones grouped into Interval 5 (33-40 weeks).  
The percentage of right-angled edges in the fracture bones of Interval 3 (17-24 weeks) 
was 5.5%, which increased to 33% of the fractured bones in Interval 4 (25-32 weeks) and 
then comprised 44.4% of the fractures bones in Interval 5 (33-40 weeks).  However, these 
percentages do not account for the presence of both sharp and right angles from the 
fractured bones classified as having mixed angles.  A comparison of sharp-angled and 
mixed-angled fractures combined to right-angled and mixed-angled combined indicates a 
similar trend.  The percentage of sharp angles present was 100% in Interval 1 (0-8 
weeks), 100% in Interval 2 (9-16 weeks), 94.4% in Interval 3 (17-24 weeks), 66.6% in 
Interval 4 (25-32) and 50% in Interval 5 (33-40 weeks).  The percentage of right angles 
present was 25% in Interval 1 (0-8 weeks), 33.3% in Interval 2 (9-16 weeks), 44.4% in 
Interval 3 (17-24 weeks), 80% in Interval 4 (25-32) and 50% in Interval 5 (33-40 weeks).  
Overall, this study indicates that fresh bone has significantly more sharp-angled edges.  
Weathered bone appears to display more right-angled edges, but statistical tests of this 
failed to detect a statistically significant difference.  This study can conclusively say that 
there is a trend within the data in regard to distribution of fracture angle type over time 




Texture of Fracture Surface 
The texture of the fracture surface was found to be affected by exposure time 
through the statistical analysis.  The study model was a good fit for the predicted model, 
which indicates a trend in the data between the texture and the length of exposure time.  
The histogram model displays the frequency distribution for each type of fracture surface 
and highlights the trend.  Smooth fracture surfaces were observed in 100% of the 
fractures grouped into Interval 1 (0-8 weeks), 100% in Interval 2 (9-16 weeks), 61.1% in 
Interval 3 (17-24 weeks), 40% in Interval 4 (25-32) and 11.1% in Interval 5 (33-40 
weeks).  Meanwhile, rough fracture surfaces were observed in 0% of the fractures 
grouped in Interval 1 (0-8 weeks), 0% in Interval 2 (9-16 weeks), 38.9% in Interval 3 
(17-24 weeks), 60% in Interval 4 (25-32) and 88.9% in Interval 5 (33-40 weeks).  The 
percentage of fractures exhibiting a smooth fracture surface in each interval gradually 
decreases over time while the percentage of fractures exhibiting a rough fracture surface 
in each Interval gradually increases over increased exposure time. 
In this study, 100% of the fresh bones displayed a smooth fracture surface.  In the 
dry bone group, 55% exhibited smooth fracture surfaces while 45% exhibited rough 
fracture surfaces.  Therefore, fresh bones were more likely to display a smooth surface 
than dry bone.  Dry bone is more likely to display a rougher, bumpy surface in 
comparison to fresh bone.  Wheatley’s (2008) sample exhibited a smooth texture surface 
on 38 (90%) fresh bones and a rough texture surface on 4 (10%) fresh bones.  The dry 
bone sample displayed a smooth texture surface on 16 (38%) bones and a rough texture 
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surface on 18 (42%) bones.  In Wieberg and Wescott’s (2008) study, smooth surfaces 
were the most common type of fracture texture present on bones exposed for PMI 0 days, 
PMI 28 days, PMI 57 days, and PMI 113 days.  It was not until bones reached a PMI of 
141 days that rough texture edges were the most common type of surface texture present.  
These results of this present study agree with the findings that fresh bones have 
significantly more smooth fracture surfaces than dry bone whereas dry bone has 
significantly more rough surfaces in comparison to fresh bone (Wheatley 2008; Wieberg 
and Wescott 2008).  
 
Presence of Fracture Lines 
 The presence of fracture lines was found to not be statistically significant, but 
several observations can be made from the post hoc analysis on the study model.  The 
study model displays a goodness of fit, which indicates that a trend is present concerning 
the presence of fracture lines over time.  The classification table indicates that the 
probable reason why the data were determined not to be statistically significant was due 
to the low percentage of correctly classified absent fracture lines in the predicted model.  
The presence of fracture lines was correct 100% for the study model, which fits the 
predicted model.   
The graph (Table 4.17) provides a visual aid in clarifying the trend seen for this 
fracture characteristic.  Fracture lines were absent in 85% of the fractured bones in 
Interval 1 (0-8 weeks), 83% in Interval 2 (9-16 weeks), 66.6% in Interval 3 (17-24 
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weeks), 73.3% in Interval 4 (25-32 weeks) and 37.5% in Interval 5 (33-40 weeks).  
Meanwhile, fracture lines were present in 15% of the fractured bones in Interval 1(0-8 
weeks), 17%% in Interval 2 (9-16 weeks), 33.4% in Interval 3 (17-24 weeks), 16.7% in 
Interval 4 (25-32 weeks), and 62.5% in Interval 5 (33-40 weeks).  These percentages 
calculated from the histogram indicate the fracture lines were more likely to be absent in 
fresh bone and more likely to be present in weathered bone, but these results are 
statistically unreliable.   
Wheatley (2008) found that fresh bone displayed significantly more fracture lines 
than dry bones, which is shown in this study as well.  Wheatley (2008) found that fracture 
lines were present on 21 fresh bones (50%) and 8 dry bones (24%) while fracture lines 
were absent on 21 fresh bones (50%) and 26 dry bones (76%) in his sample.  In 
Wheatley’s study (2008), there was a higher percentage of fracture lines being present on 
fresh bones than dry bones.  However, the fresh bone sample in Wheatley’s (2008) study 
displayed an equal amount of both fracture line absence and fracture line presence 
whereas 15% of the fresh bone in this present study displayed fracture lines and 85% of 
the fresh bone did not display fracture lines.  In this present study, 28% of the dry bones 
exhibited fracture lines while 72% of the dry bones did not have fracture lines. 
 
Shape of Broken Ends 
 The effect of exposure time on the shape of the broken ends of the fracture was 
found to be statistically insignificant.  The post hoc analysis indicated that the study 
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model, which only presented two of the four shape classifications, was a good fit for the 
projected statistical model.  There is a trend of the appearance of jagged and curved 
broken ends over time.  Due to the condensing and modification of the data for this 
statistical analysis, the results are not considered reliable for this study.  
 A better analysis of the indicated trend appears in the histogram distribution of 
broken end shape over time.  Transverse broken ends appeared on fractured bones 
starting in Interval 2 (9-16 weeks).  Intermediate broken ends appeared on fracture bones 
starting in Interval 4 (25-32 weeks).  The delayed appearance of these two broken end 
shapes indicates that these shapes may be more likely found in weathered bone but this 
cannot be confirmed due to the low frequency of each shape, which prevented a statistical 
analysis from being conducted.  Calculating percentages of the frequency of curved and 
jagged broken end shape for each Interval clarifies the trend suggested by the statistical 
analysis.  Jagged broken ends appear in 30% of the fractured bones from Interval 1 (0-8 
weeks), 33.3% in Interval 2 (9-16 weeks), 38.9% in Interval 3 (17-24 weeks), 40% in 
Interval 4 (25-32) and 11.1% in Interval 5 (33-40 weeks).  Curved broken ends appear in 
70% of the fractured bones from Interval 1 (0-8 weeks), 58% in Interval 2 (9-16 weeks), 
55% in Interval 3 (17-24 weeks), 40% in Interval 4 (25-32), and 44.4% in Interval 5 (33-
40 weeks).  Jagged broken ends percentages are slightly more frequent with increasing 
exposure time, but overall, the appearance of broken ends appears to be consist across the 
first four intervals (0-32 weeks), regardless of time.  The percentage of curved broken 
end decreases between Interval 1 through Interval 4 (0-32 weeks total).  The anomaly in 
Interval 5 for this pattern may be explained by the lower sample size for that interval.  
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The pattern in the appearance of curved broken ends agrees with Wheatley (2008) and 
Wieberg and Wescott (2008), who found that fresh bones had significantly more curved 
shapes at the broken ends.  In Wheatley’s (2008) sample, a curved broken ends were 
observed on 39 fresh bones and 19 dry bones.  Intermediate broken ends were observed 
on 3 fresh bones and 15 dry bones in his study.  Wieberg and Wescott (2008) observed 
that 10 (100%) of their bones with a PMI of 0 days displayed a curved fracture shape.  
Intermediate broken end shapes were not observed in their study until bones reached a 
PMI of 85 days.  Three bones (33%) with PMI of 85 days, three bones (33%) with PMI 
of 113 days, and three bones (33%) with PMI of 141 days had intermediate broken ends.  
Transverse fracture edges were not observed in Wieberg and Wescott’s (2008) study until 
PMI reached 28 days.  These results are similar to the present study, since the transverse 
broken end shape was first observed after 8 weeks (56 days) and an intermediate broken 
end shape was first observed after 24 weeks (168 days).  In the fresh bones in this present 
study, 70% exhibited a curved shape and 30% displayed a jagged shape.  As for the dry 
bone in this study, 51% had curved broken ends, 33% displayed jagged broken ends, 9% 
exhibited transverse broken ends, and 7% showed intermediate broken ends.  Although 
Byers (2008) stated that the jagged surface of broken ends also helped distinguish 





CHAPTER 6:  CONCLUSIONS 
 
 From this study, it was concluded that weathering does impact bone resistance to 
fracture.  This was confirmed by testing the strength of bone by fracturing it after 
intervals of increasing exposure to weathering conditions in Southeastern Massachusetts.  
Overall, this research achieved its aims by determining the impact of exposure on bone 
strength as well as investigating if certain fracture characteristics defined by Wheatley 
(2008) are indicative of perimortem trauma or postmortem damage. 
Therefore, it is important for forensic investigators to consider the impact of 
weathering when analyzing trauma on exposed bones.  The weakening of bone due to 
weathering could potentially amplify the effects of other taphonomic factors.  Bone is 
known to vary its resistance to forces depending upon internal structure and postmortem 
alterations (Reilly and Burstein 1974).  Although weathering has been a consideration in 
some taphonomic studies (Calce and Rogers 2007; Hill 1980; Mann and Owsley 1992; 
Morlan 1984; Sauvageau and Racette 2008; White and Hannus 1983), other studies 
conducted on trauma, scavenging, and other biological agents did not discern if 
weathering has impacted the expression of taphonomic factors on skeletal material.  The 
extent of damage from these taphonomic factors may be influenced by the severity of 
weather exposure.  However, the weakening of bone strength impacts the type of fracture 
characteristics exhibited in this study.  The graduate loss of moisture content due to 




By fracturing the bones of this study, more information regarding the appearance 
of fresh and dry bone fracture characteristics was ascertained by analyzing fracture 
characteristics described by Wheatley (2008), which have the potential to be useful for 
distinguishing perimortem from postmortem fractures.  Although the type of fractures 
was not a strong indicator of fresh bone or weathered/dry bone, the appearance of certain 
fracture types, particularly transverse fractures, was limited to later weeks, starting in 
Interval 2 (9-16 weeks).  Overall, the distribution of the fracture types is not reliable for 
forensic investigation since analysis of the statistical results showed that the correlation 
between fracture type and exposure time to be insignificant.  At least three of the five 
fracture types were present throughout all exposure intervals, regardless of fresh bone or 
weathered bone status.  Therefore, fracture type is not an indicator of perimortem or 
postmortem fractures.  Following Symes et al (2013), the patterns associated with trauma 
should be more closely examined using basic biomechanics.  Since the external loading 
force applied to the bones was consistent in this study, examining the relationship of this 
loading force to the fracture characteristics (i.e., fracture type) may be able to provide 
more insight into fracture patterns of weathered bone. 
This study empirically tested and quantified several previously acknowledged 
morphological fracture characteristic patterns utilized for determining the time interval of 
perimortem trauma and postmortem damage.  It was found that one of the strongest 
indicators of postmortem fracture is the texture of the fracture surface.  A rough fracture 
was present beginning at 17 weeks and present on fractures through the last set of bones 
fractured after 39 weeks.  Therefore, it appears that a rough fracture surface is a good 
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indicator of a postmortem fracture.  Since a smooth fracture surface was present on both 
fresh and dry fractured bones throughout exposure time, a smooth texture is not a good 
indicator of perimortem trauma.  Another indicator of postmortem fractures on bone is 
the presence of only right-angled edges on fractures, which was found on fractures 
starting at 17 weeks and continued to appear in fractures until the last set of fractured 
bones at 39 weeks.  However, sharp-angled broken ends and mixed-angled broken ends 
are not indicative of perimortem or postmortem fractures since these angle classifications 
were present on both fresh and dry bone fractures through the interval of this study.   
Other characteristics such as the presence of fracture lines and the shape of the 
broken ends are not explicitly indicative of either perimortem nor postmortem fractures 
since these characteristics were present on fractures throughout the study.  While there 
was a trend in the study that fracture lines were more likely to occur in the postmortem 
period, the presence was not frequent enough to distinguish between perimortem and 
postmortem.  As for the shape of the broken ends, this study indicated that intermediate 
and transverse broken end shapes indicated postmortem fractures on dry bones.  
However, jagged and curved broken end shapes were present on fractured bones 
throughout time and therefore make it difficult to distinguish between perimortem and 
postmortem fractures in this study.  
In general, the results of this study support the descriptions of fresh and dry bone 
fracture characteristics described by Wheatley (2008).  The characteristics of fracture 
patterns used in this study were found to be statistically reliable at differentiating 
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perimortem fractures from postmortem fractures, but these characteristics were unreliable 
at differentiating perimortem fractures from postmortem fractures for the purposes of a 
forensic investigation.  The results of this study showed that the break morphological 
characteristics can help distinguish a postmortem fracture, but these are unable to indicate 
a perimortem fracture, since none of the characteristics were exclusive to perimortem 
fractures. 
 In addition to studying general weathering influence on bones, it was also 
determined that prior processing did not have a significant effect on bone in this study.  
While this factor was not the main focus of the study, these findings are relevant to 
archaeological analyses of bone taphonomy.  Processing the bone did not affect the rate 
of weathering nor the force required to fracture the bone after monthly exposure intervals.  
There is conflicting research on the effects of processing bone.  Multiple researchers have 
asserted that cooking reduces a bone’s ability to withstand stress due to damage at the 
structural level.  Bosch et al. (2011) have detected that boiling does impact the bone 
structure.  However, the results of this study do not agree over this interval.  It is possible 
that this impact is not significant enough to cause a difference in bone strength, since the 
processing consisted of simmering the bones for a short interval, especially since Trujillo 
et al. (2012) studied boiled bone and stated that only weathering is known to significantly 
modify bone structure and morphology.  Another possible explanation is that the nine 
month duration of the study was not long enough for the effects of boiling bone to 
manifest themselves.  Clearly, additional research needs to be conducted on the effects of 
processing on the bone structure. 
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 While the results from this study indicate the potential effects of weathering and 
processing upon bone strength, the project was only conducted for a period of nine 
months.  Regional information on weathering is important in both forensic and 
archaeological contexts.  While studying the weathering pattern of bone, additional 
research should be conducted on perimortem and postmortem fracture patterns.  It would 
be beneficial to conduct a much longer project of a similar nature in order to observe all 
six stages of weathering described by Behrensmeyer in the climate of New England, but 
such an experiment would likely take decades.  A longer and more thorough study would 
provide results that would either agree or disagree with the present findings.  If the 
additional results support the current findings, this may clarify the distinction between 
perimortem and postmortem fracture patterns.  For the purpose of conducting further 
research, ten bones from the same sample were left in the microhabitat so that fracture 
patterns could be studied over an extended period of time.  Conditions permitting, this 
sample of bones will be left out for exposure until they reach later stages of weathering.   
 In general, the ability to distinguish perimortem from the postmortem interval is 
still unclear.  Although the data from this study appear to show a transition in the fracture 
patterns from fresh bone to dry bone, these classifications of the bone fracture patterns 
should not be directly translated to perimortem or postmortem fracture patterns.  Fresh 
bone fracture characteristics were exhibited long into the PMI until the conclusion of this 
study after nine months of exposure.   
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Considering the results of this study, as well as the results of Wheatley (2008) and 
Wieberg and Wescott (2008), forensic anthropologists need to use the terms perimortem 
trauma and postmortem damage carefully when referring to blunt force trauma in skeletal 
remains.  In cases with no indication of the PMI, it may be difficult to distinguish 
between perimortem and postmortem fractures using only the fracture morphology of 
fresh and dry bone.  However, this study did not examine all of the characteristics that 
have been previously associated with making the distinction between perimortem and 
postmortem fractures.  Other characteristics, such as the differential staining of the bone 
surface, would provide more information about the nature of the fracture.  It appears that 
there is not a single morphological characteristic of a fracture that can provide an 
accurate determination of injury timing.  Additionally, perhaps further studies need to be 
conducted on perimortem and postmortem fractures with the intent of defining additional 
fracture characteristics that may be useful in conjunction with pre-existing ones. 
Due to ethics and restrictions, much of the research on taphonomic effects, 
specifically perimortem and postmortem trauma, have been conducted using strictly 
animal samples.  The difference between animal and human bone structure was not 
accounted for in this study.  The limited amount of research using human studies has 
typically been restricted to case studies, with a few research projects being conducted on 
donated human material in designated research facilities.  When performing research for 
forensic anthropology, it is more directly applicable to utilize a human sample.  
Conducting a weathering study on a human sample would be one of the ways to improve 
this study if it were replicated.   
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Little research (Johnson 1985; Shipman 1981) has been published on the 
microscopic differences between perimortem and postmortem skeletal fractures.  A 
histological analysis may provide information regarding the role of plexiform bone in 
determining the strength of bone after exposure.  Qualitative and quantitative methods of 
analysis could be used to understand the effects of the external environment on bone.  
Additionally, a detailed histological analysis could also show what changes at the 
microstructural level are causing the decrease of bone strength after weathering.  
Considering that freezing appears to have no significant effect on the histological 
appearance of bone (Tersigni 2007), it would be worth investigating if freezing, 
freeze/thaw cycles, and other aspects of weathering impact bone strength the most 
significantly.  
This study generally confirms previous studies of weathering and fracture 
patterns; however, it also demonstrates the wide extent of variation that occurs within 
interpretations in the field of forensic anthropology, which makes it difficult to assert 
clear patterns in regards to weathering and fracture patterns.  Although the fracture 
attributes were statistically reliable at distinguishing trends between the perimortem and 
postmortem interval, there was too much inconsistency in this study to definitely classify 
certain characteristics as being strictly perimortem or postmortem.  Due to the nature of 
this study, the results may not be reliable for the purposes of forensic application, since 
the attributes of the fracture patterns of fresh and wet bone were not directly correlated to 
perimortem and postmortem intervals.  
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APPENDIX A: Weather Data 







PROCESSED TIMELINE (WEEKS 1-39) 
1 1 Feb – 8 Feb 3.31 59.33 0.18 
2 9 Feb – 15 Feb 0.71 66.80 0.84 
3 16 Feb – 22 Feb 3.11 68.74 1.80 
4 23 Feb – 29 Feb 3.54 62.80 3.43 
5 1 Mar – 7 Mar 2.40 68.20 3.43 
6 8 Mar – 14 Mar 9.27 68.60 5.69 
7 15 Mar – 21 Mar 9.59 80.17 5.72 
8 22 Mar – 28 Mar 10.08 59.83 6.12 
9 29 Mar – 4 Apr 6.20 62.34 6.65 
10 5 Apr – 11 Apr 7.15 53.46 6.65 
11 12 Apr – 18 Apr 14.48 65.38 7.09 
12 19 Apr – 25 Apr 12.24 75.13 21.46 
13 26 Apr – 2 May 9.44 59.07 23.01 
14 3 May – 9 May 12.14 82.77 29.46 
15 10 May – 16 May 17.77 69.40 41.55 
16 17 May – 23 May 15.36 73.85 42.90 
17 24 May – 30 May  19.61 84.13 43.03 
18 31 May – 6 Jun 15.27 79.95 46.74 
19 7 Jun – 13 Jun 17.28 81.34 49.73 
20 14 Jun – 20 Jun 17.34 75.89 49.86 
21 21 Jun – 27 Jun 22.67 75.72 53.95 
22 28 Jun – 4 Jul 23.50 69.13 54.64 
23 5 Jul – 11 Jul 23.92 66.27 54.64 
24 12 Jul – 18 Jul 23.25 72.03 56.52 
25 19 Jul – 25 Jul 21.36 74.18 59.26 
26 26 Jul – 1 Aug 21.38 83.44 64.80 
27 2 Aug – 8 Aug 24.49 78.10 64.85 
28 9 Aug – 15 Aug 23.79 83.32 69.85 
29 16 Aug – 22 Aug 20.87 77.60 71.86 
30 23 Aug – 29 Aug 20.52 75.57 72.36 
31 30 Aug – 5 Sept 21.13 73.52 77.19 
32 6 Sept – 12 Sept 18.77 79.08 82.60 
33 13 Sept – 19 Sept 17.05 78.02 84.12 
34 20 Sept – 26 Sept 15.31 75.66 84.12 
35 27 Sept – 3 Oct 15.39 85.56 94.11 
36 4 Oct – 10 Oct 14.54 84.05 95.68 
37 11 Oct – 17 Oct 11.04 56.76 95.73 
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38 18 Oct – 24 Oct 13.68 75.00 96.24 
39 24 Oct – 31 Oct 12.63 81.98 103.66 
UNPROCESSED TIMELINE (WEEKS 1-28) 
1 19 Apr – 25 Apr 12.24 75.13 21.46 
2 26 Apr – 2 May 9.44 59.07 23.01 
3 3 May – 9 May 12.14 82.77 29.46 
4 10 May – 16 May 17.77 69.40 41.55 
5 17 May – 23 May 15.36 73.85 42.90 
6 24 May – 30 May  19.61 84.13 43.03 
7 31 May – 6 Jun 15.27 79.95 46.74 
8 7 Jun – 13 Jun 17.28 81.34 49.73 
9 14 Jun – 20 Jun 17.34 75.89 49.86 
10 21 Jun – 27 Jun 22.67 75.72 53.95 
11 28 Jun – 4 Jul 23.50 69.13 54.64 
12 5 Jul – 11 Jul 23.92 66.27 54.64 
13 12 Jul – 18 Jul 23.25 72.03 56.52 
14 19 Jul – 25 Jul 21.36 74.18 59.26 
15 26 Jul – 1 Aug 21.38 83.44 64.80 
16 2 Aug – 8 Aug 24.49 78.10 64.85 
17 9 Aug – 15 Aug 23.79 83.32 69.85 
18 16 Aug – 22 Aug 20.87 77.60 71.86 
19 23 Aug – 29 Aug 20.52 75.57 72.36 
20 30 Aug – 5 Sept 21.13 73.52 77.19 
21 6 Sept – 12 Sept 18.77 79.08 82.60 
22 13 Sept – 19 Sept 17.05 78.02 84.12 
23 20 Sept – 26 Sept 15.31 75.66 84.12 
24 27 Sept – 3 Oct 15.39 85.56 94.11 
25 4 Oct – 10 Oct 14.54 84.05 95.68 
26 11 Oct – 17 Oct 11.04 56.76 95.73 
27 18 Oct – 24 Oct 13.68 75.00 96.24 
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